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Perfluorooctanesulfonyl fluoride (POSF, CgF,;SO,F) is used to create
applications for surfactants and paper, packaging, and surface (eg,
carpels, textiles) protectants. Such POSF-based products or their resid-
uals may degrade or metabolize to PFOS (CgF, 505" ). PFOS concen-
trates in liver and serum and results in hypolipidemia as an early ¢ffect
of cumulative dosages. Male and female employees of two perfluoroocta-
nyl-manufacturing locations (Antwerp, Belgium and Decatur, Ala-
bama) participated in a periodic medical surveillance program that
included hematology, clinical chemistry, thyroid hormone, and urinal-
ysis testing. Serum concentrations of PFOS and perfluorooctanoate
(PFOA, C,F,5C0,", used as a fluoropolymer emulsifier) were measured
via mass spectrometry methods. The mean serum PFOS and PFOA
concentrations for 263 Decatur employees were 1.32 parts per million
(ppm; geometric mean 0.91, range 0.06-10.06 ppm) and 1.78 ppm
(geometric mean 1.13, range 0.04-12.70 ppm), respectively. Mean
concentrations were approximately 50% lower among 255" Antwerp
workers. Adjusting for potential confounding factors, there were no
substantial changes in hematological, lipid, hepatic, thyroid, or urinary
parameters consistent with the known toxicological effects of PFOS or
PFOA in cross-sectional or longitudinal analyses of the workers’

measured serum fluorochemical concentrations. (J Occup Environ
Med. 2003;45:260-270)
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erfluorooctanesulfonyl fluoride
(POSF, CgF,,SO,F), which is pro-
duced by an electrochemical fluori-
nation process, is used as the basic
building block to create unique
chemistries through the sulfonyl flu-
oride moiety using conventional hy-
drocarbon reactions. Applications in-
clude surfactants and paper,
packaging, and surface (eg, carpet,
upholstery, textile) protectants. De-
pending upon the specific functional
derivatization or the degree of poly-
merization, such POSF-based prod-
ucts or their residuals may degrade
or metabolize to an undetermined
degree to PFOS (C4F,S0;7). PFOS
is a stable and persistent end-product
that has the potential to bioaccumu-
late. Although not a major commer-
cial product, PFOS has been used in
some products, including firefighting
foams. Another fluorochemical, the
ammonium salt of perfluorooctano-
ate (PFOA, C,F,;CO,™) is produced
to be an emulsifier in the polymer-
ization of fluoropolymers. In May
2000, the 3M Company announced
that it would voluntarily cease man-
ufacturing perfluorooctanyl-related
materials after PFOS was found to be
pervasive and persistent in human
populations and wildlife.'~> Nonoc-
cupational exposures to PFOS or
precursors are not well understood at
this time but could include environ-
mental sources, consumer products,
or as indirect food additives.

PFOS concentrates primarily in
the liver and, to a lesser extent, in the
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plasma, of rats.® There appears to be
significant enterohepatic circulation
of PFOS with both uvrinary and fecal
excretion.” Subchronic studies in rats
and primates suggest that the toxicity
of PFOS is dependent upon cumula-
tive dose.®'? Decreased serum cho-
lesterol was the earliest clinical
chemistry response observed in pri-
mates and occurred at serum PFOS
(potassium salt) concentrations
above 100 parts per million (ppm).'?
Rats fed PFOS (potassium salt) at 20
ppm in the diet over a 2-year time
period experienced a marginal in-
crease in liver tumors, primarily ad-
enomas.'> Although the mechanism
of toxicity in laboratory animals re-
mains to be fully elucidated, PFOS
toxicity may involve: 1) the inhibi-
tion of HMG CoA reductase and acyl
CoA cholesterol acyl transferase ac-
tivity;'# 2) activation of the PPARa
receptor;'™'¢ 3) disturbances in fatty
acid transport and metabolism;'’
and/or 4) altered membrane function
changes and mitochondrial bioener-
getics,'®!?

There are substantial sex and
species differences in elimination
of PFOA with the longest serum
elimination half-life reported for
humans.?°2* Besides urinary ex-
cretion, biliary excretion and reab-
sorption of PFOA occurs.” The
liver is the primary target organ for
PFOA-induced toxicity. PFOA pro-
duced hypolipidemia in ro-
dents'“?* but not in a 6-month
capsule feeding study of cynomol-
gus monkeys.”? Increased liver
weight as a result of mitochondrial
proliferation occurred in all three
monkey dose groups (3, 10, and 20
mg/kg/day), although histopatho-
logic evidence of liver injury oc-
curred only in the highest dose
group. Two-year lifetime bioassays
of rats fed 300 ppm PFOA in the
diet resulted in the increased inci-
dence of tumors (adenomas) of the
liver, pancreas (acinar cell), and
testes (Leydig cell).?® The hepato-
cellular tumors may result from a
combination of oxygen stress and
cell proliferation that accompanies

an increase in peroxisomes. The
tumors observed in the testis may
be the consequence of sustained
increases in estradiol as a result of
aromatase induction®>~*’ whereas
those in the pancreas may involve
the release of cholecystokinin as a
result of cholestasis.?® It remains to
be determined whether these possi-
ble mechanisms are relevant to hu-
mans.

Serum measurements of PFOS
and PFOA have been obtained as
part of the 3M Company’s effort to
assure worker safety as related, in
particular, to lipid and hepatic pa-
rameters because of the toxicolog-
ical evidence that indicates the

" liver is the target organ of effect in

rats and primates. The company’s
fluorochemical medical surveil-
lance program is offered employees
on a routine periodic basis at three
3M manufacturing facilities: Ant-
werp (Belgium), Cottage Grove
(Minnesota), and Decatur (Ala-
bama). Electrochemical fluorina-
tion at the Cottage Grove site in-
volved the production of PFOA and
its associated salts but not
POSF.?*3! The present study fo-
cused on the company’s Antwerp
and Decatur facilities, where POSF
and PFOA have been produced.
Although a cross-sectional assess-
ment of the 1995 and 1997 Antwerp
and Decatur medical surveillance
program data was previously re-
ported, the data were limited for
several reasons: low voluntary em-
ployee participation, no inclusion of
female employees, inherent limita-
tions of the cross-sectional design,
and analysis of only serum PFOS
concentrations.>? Increased em-
ployee participation in the year 2000
medical surveillance program al-
lowed for a much larger cross-
sectional analysis of both male and
female employees and also enabled a
6-year longitudinal assessment of
clinical chemistries in relation to
PFOS, PFOA, and a calculated total
organic fluorine value.

261

Materials and Methods

Manufacturing Sites

The manufacturing operations of
the two sites are similar. Fluoro-
chemical production occurs in sev-
eral buildings. In one building,
where the base product is manufac-
tured, POSF, occurs via electro-
chemical fluorination. At another
building, the POSF starting material
is reacted to form fluorochemical
amines and then further to other fluo-
rochemicals, including alcohols and
acrylates with subsequent polymer-
ization. Synthetic fluoroelastomers
are also produced at both facilities.
PFOA has been routinely produced
at Antwerp but only since 1999 in
Decatur. However, PFOA can be a
byproduct of POSF-related manufac-
turing at both facilities.

The fluorochemical medical sur-
veillance program is available on a
periodic voluntary basis to all Ant-
werp and Decatur chemical plant
employees and those employees with
site-wide responsibilities (eg, envi-
ronmental, health and safety work-
ers). In 2000, approximately 340
Antwerp and 500 Decatur chemical
plant and site employees were eligi-
ble to participate. The surveillance
program measured several serum
fluorochemicals, including PFOS
and PFOA as well as hematology,
clinical chemistries, and thyroid hor-
mones. Urinalyses were conducted
only in Decatur.

Hematology, Clinical Chemistry,
Thyroid Function, and Urinalysis

Upon collection and shipment of
specimens, Allina Laboratory Ser-
vices (St. Paul, MN) performed stan-
dard hematological and clinical
chemistry tests for both manufactur-
ing sites. These included the follow- .
ing hematological tests: hematocrit
(percent), hemoglobin (gm/dL), red
blood cells (RBC, 1000/mm®), white
blood cells (WBC, 1000/mm®) and
platelet count (1000/mm?); and the
following clinical chemistry tests: al-
kaline phosphatase (IU/L), gamma
glutamyl transferase (GGT, 1U/L),
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aspartate aminotransferase (AST, IU/
L), alanine aminotransferase (ALT,
TU/L), total and direct bilirubin (mg/
dL), cholesterol (mg/dL), high-
density lipoprotein (HDL, mg/dL),
triglycerides (mg/dL), blood glucose
(mg/dL), blood urea nitrogen (BUN,
mg/dL), and serum creatinine (mg/
dL). Reference ranges have been rel-
atively constant since 1994/95, al-
though for ALT the range declined
from 20-65 IU/L in 1994/95 to
1-40 IU/L in 1997 and 2000. Six
thyroid tests were conducted by Lab-
Corp (Kansas City, MO): thyroid-
stimulating hormone (TSH; pIU/
mL); serum thyroxine (T4; wg/dL);
free thyroxine (free T4; ng/dL); se-
rum trilodothyronine (T3; ng/dL);
thyroid hormone binding ratio
(THBR, previously referred to as T3
Uptake); and free thyroxine index
(FTI). TSH, free T4, and T3 were
determined by an immunochemilu-
minometric assay. T4 and THBR
were determined by a cloned enzyme
donor immunoassay. FTI was calcu-
lated by multiplying T4 and THBR.
Urinalyses were only performed on
Decatur employees via the standard
urine microstick analysis, which
tested for urine glucose, albumin and
red blood cells.

Fluorochemical Analyses

In the 2000 fluorochemical medi-
cal surveillance program, the em-
ployees’ sera samples were extracted
and quantitatively analyzed for
PFOS and PFOA using high-pres-
sure liquid chromatography electros-
pray tandem mass spectrometry and
evaluated versus an extracted curve
from a human plasma matrix. All
serum fluorochemical analyses were
determined by Northwest Bioanalyti-
cal Laboratory Inc. (Salt Lake City,
UT). Sera samples were extracted
using an ion-pairing extraction pro-
cedure.? Evaluation of quality con-
trol samples injected during each an-
alytical run indicated that the
reported quantitative results may
have varied, on average, up to 20%
although most analyses were within
*+10%. For all employees, serum

PFOS and PFOA Analysis ¢ Olsen et al

values for PFOS and PFOA values
were above the lower limit of quan-
titation. Results are reported in ppm.

Five other fluorochemical analytes
were also analyzed in the 2000
medical surveillance program: per-
fluorohexanesulfonate (CgFy3S0;7);
N-ethyl perfluorooctanesulfonamid-
oacetate (CgF,,SO,N(CH,CH;)CH,
COQ™); N-methyl perfluorooctanesul-
fonamidoacetate (CgF,,SO,N(CH,)
CH,COQ™); perfluorooctanesulfon-
amidoacetate  (CgF,,SO,NHCH,
COQ™); and perfluorooctanesulfon-
amide (C4F,,SO,NH,). These fluo-
rochemicals were measured at con-
centrations 1 to 3 orders of
magnitude lower than PFOS and
PFOA and are therefore not pre-
sented. A total organi¢ fluorine
(TOF) value was determined by
calculating the percent of each of
the seven specific fluorochemical’s
molecular weight that was attrib-
uted to organic fluorine (eg, PFOS,
64.7%; PFOA, 69.0%) multiplied
by the ppm measured for each fluo-
rochemical and then summed
across all seven fluorochemicals.

Serum fluorochemical analyses
were conducted at different laborato-
ries in the previous surveillance
years (1994 [Decatur], 1995 [Ant-
werp], and 1997 [both facilities])
using slight variations of the Hansen
et al. method.? In those years, only
PFOS and PFOA were quantified.
Therefore, TOF for the longitudinal
assessment was based only on PFOS
and PFOA.

Data Analyses

For the cross-sectional analyses,
associations between PFOS, PFOA,
or TOF and each hematological and
clinical chemistry test and thyroid
hormone assay were evaluated with
descriptive statistics, analysis of
variance, and multivariable regres-
sion. For stratified analyses, employ-
ees were divided into quartiles of
their serum PFOS distribution. Age,
body mass index, current alcohol
consumption (drinks per day) and
cigarette use (cigarettes smoked per
day), years worked at Antwerp or

Decatur, and type of job (production
versus nonproduction) were potential
confounding factors that were con-
sidered in the analyses. Production
jobs included cell operators, chemi-
cal operators, mill operators, and
crew supervisors. Nonproduction
jobs included engineers, quality-
assurance laboratory and research
workers, and administration (eg,
managers, clerical staff).

Logistic regression” was used to
calculate adjusted odds ratios for the
quartile distribution of employees
who had liver function tests above
the laboratory’s reference ranges. In
addition, the individual continuous
dependent variables (lipids, hepatic
enzymes or thyroid hormones) were
fitted in multivariable regression
analyses with PFOS, PFOA, or TOF
analyzed as an independent continu-
ous variable(s). The statistical signif-
icance of the fluorochemical coeffi-
cient was considered at P < 0.05.
Natural log transformations of the
dependent variables were performed
when necessary to normalize vari-
ables and to enhance model fit. Study
results were analyzed using the SAS
System (SAS Institute, Cary,
NC).33'34

For the longitudinal assessment,
lipid and hepatic clinical chemistry
tests were evaluated as repeated
measures incorporating thé random
subject effect fitted to a mixed model
by the MIXED procedure in the SAS
statistical package.*® Restricted max-
imum likelihood estimates of vari-
ance parameters were computed. Ad-
justed regression models were built
by introducing all covariates (see
below) and testing the covariance
structure. Equal spacing was as-
sumed given there were approxi-
mately 3 years between each medical
surveillance examinations. Based on
goodness-of-fit tests, the autoregres-
sive was routinely considered the
best covariance structure for the
mixed models. Variables included
PFOS (or PFOA or TOF), years of
observation (ie, follow-up), the inter-
action term of PFOS and years of
observation, age, body mass index
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Flg. 1. Distribution of Antwerp and Decatur employees by their serum PFOS and PFOA concentrations.

(BMI), cigarettes smoked per day,
alcohol drinks per day, location, year
at first entry, and baseline years
worked. Serum triglycerides was
also considered a potential con-
founding factor for all hepatic clini-
cal chemistry analyses (cross sec-
tional and longitudinal).

Results

Cross-sectional Analysis

Altogether, there were 255 (75%)
Antwerp employees (206 male and

49 female) and 263 (52%) Decatur
employees (215 male, 48 female)
who voluntarily participated in the
2000 fluorochemical medical sur-
veillance program. Seventy-three
percent of the Antwerp male em-
ployee participants and 75% of the
Decatur employee participants
worked in production activities. Only
12% of the Antwerp female employ-
ees worked in production activities
compared with 63% of the Decatur
female employees.

Presented in Fig. 1 are the distri-

butions of serum PFOS and PFOA
concentrations among the Antwerp
and Decatur employee participants.
The arithmetic mean serum PFOS
concentration among all Antwerp
subjects was 0.80 ppm (range 0.04—
6.24 ppm) with a geometric mean of
0.44 ppm (95% CI = 0.38-0.51).
For PFOA, the arithmetic mean was
0.84 ppm (range 0.01-7.04 ppm)
with a geometric mean of 0.33 ppm
(95% CI = 0.27-0.40). The arith-
metic mean serum PFOS concentra-
tion among all Decatur participants
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TABLE 1

Mean and Standard Deviation Comparisons Between Antwerp and Decatur Employees’ Serum PFOS, PFOA, TOF,
Demographic and Clinical Chemistry Results, by Gender

Females

Antwerp (N = 206)

Decatur (N = 215)

Antwerp (N = 49)

Decatur (N = 48}

Mean SD Mean SD Mean SD Mean SD
PFOS 0.96¢ 0.97 1.40 1.15 0.13¢ 0.10 0.93 0.81
PFOA 1.03¢ 1.09 1.90 1.59 0.07¢ 0.17 123 1.18
TOF 1.60¢ 1.34 2,85 2.00 0.17¢ 0.20 1.76 1.50
Age ! 37¢ 9 43 9 36 7 42 9
BMI 24.89 3.0 28.8 4.4 22,89 3.2 27.7 5.9
Years worked 13¢ 8 16 13 128 7 13 10
Alcoholic drinks/day 1.19 1.1 01 0.3 0.5¢ 0.4 0.1 0.1
Cholesterol 218 41 215 42 208 36 200 39
HDL 559 15 44 10 68° 16 59 12
Triglycerides 124° 87 191 124 g4¢ 45 133 152
Alk Phos 609 15 74 20 46° 13 65 18
GGT 23¢9 17 31 18 12¢ 7 18 15
AST 23° 6 26 8 18 [¢] 20 7
ALT 239 10 35 16 13¢ 6 19 10
Total Bilirubin 1.09 0.3 0.7 0.2 0.8° 0.3 0.6 0.2

® p < .05 compared to Decatur (student t test).

b p < .01 compared to Decatur (student t test).

° p < .001 compared to Decatur (student t test).
9 p < .0001 compared to Decatur (student t test).

was 1.32 ppm (range 0.06 to 10.06
ppm) with a geometric mean of 0.91
ppm (95% CI = 0.82-1.02). For
PFOA, the arithmetic mean was 1.78
ppm (range 0.04-12.70 ppm) with a
geometric mean of 1.13 ppm (95%
CI = 0.99-1.30).

Antwerp male employees com-
pared with their Decatur counterparts
had lower mean serum PFOS and
PFOA concentrations; were younger,
had lower BMlIs; drank more alco-
holic beverages per day; and had
higher mean HDL and total bilirubin
and lower triglyceride and hepatic
clinical chemistry values (Table 1).
Similar findings were observed be-
tween Antwerp and Decatur female
employees (Table 1).

Presented in Table 2 are the mean,
standard deviation, and range of de-
mographic, clinical chemistry, and
thyroid hormone results stratified by
the serum PFOS quartile distribution
for the combined 421 Antwerp and
Decatur production and nonproduc-
tion male employees. (Note: The me-
dian values [data not shown in Table
2] by PFOS quariile, for PFQS,
PFOA, and TOF were, respectively:

quartile 1: [0.29, 0.25, 0.43 ppm];
quartile 2 [0.59, 0.86, 1.14 ppm];
quartile 3 [1.17, 1.20,1.88 ppm]; and
quartile 4 {2.46, 2.43, 4.06 ppm].) As
noted in the footnote to Table 2, the
demographic and clinical values re-
flect the higher percentage of Antwerp
employees in the lowest PFOS quartile
and the higher percentage of Decatur
employees in the upper PFOS quar-
tiles. The fourth quartile had statisti-
cally significant higher mean values
than the first quartile for triglycerides,
alkaline phosphatase, ALT and T3.
The fourth quartile had significantly
lower mean values for drinks per day
and total bilirubin compared to the first
quartile. There were no significant
mean differences between quartiles for
cigarettes smoked, hematology, blood
glucose, BUN, serum creatinine or uri-
nalyses (data not shown).

Similar to Table 2, presented in
Table 3 are the serum PFOS quartile
distributions for Antwerp and Deca-
tur production -and nonproduction fe-
male employees. Again, the Antwerp
employees predominated in the low-
est serum PFOS quartile and Decatur
female employees predominated in

the highest quartile. [Note: The me-
dian values [data not shown], by
quartile, for PFOS, PFOA and TOF
were, respectively: quartile 1: [0.08,
0.02, 0.09 ppm]; quartile 2 [0.13,
0.05, 0.14 ppm]; quartile 3 [0.37,
0.36, 0.59 ppm]; and quartile 4 {1.34,
1.39, 2.66 ppm].) The fourth quartile
had significantly higher mean values
than the first quartile for age, BMI,
alkaline phosphatase, and GGT. The
fourth quartile had significantly
lower mean values for alcoholic drinks
per day and total bilirubin. There were
no significant mean differences for
cigarettes smoked, hematology, blood
glucose, BUN, serum creatinine, or
urinalyses (data not shown).
Summarized in Table 4 are the
number of Antwerp and Decatur em-
ployees (and percentages) who had
hepatic enzyme tests above reference
range values, stratified by the quar-
tiles of the serum PFOS distribution.
Among male employees, 12% of the
employees in the fourth quartile had
above reference range values for
ALT and GGT compared with 4 to
8% in the first through third quar-
tiles. For the total liver panel, 23% of
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TABLE 2
Antwerp and Decatur Production and Non-Production® (N = 421) Male Employees’ PFOS, PFOA, TOF, Demographic,
Clinical Chemistry and Thyroid Hormone Results by Quartile of Serum PFOS Distribution*
Quartile 1 (N = 105) Quartile 2 (N = 105) Quartile 3 (N = 106) Quartile 4 (N = 105)
Mean sD Range Mean SD Range Mean SD Range Mean SD Range
PFOS 0.272%4 011 0.04-0.42 0.60"3* 0,12 0.43-0.81 119124 0.24 0.82-1.68 2.69'23 1,09 1.69-10.06
PFOA 0.54234 077 0.01-4.03 121" 119 0.06-7.04 1 454 110 0.12-7.48 2,70"2% 1,63 0.25-12.70
TOF 0.622%4 058 0.05-3.08 1.40'3¢ 0.89 0.38-5.69 2.12'24 (.87 0.98-6.61 44122 1,72 1.92-12.23
Age 3g? 10 23-60 41 10 21-63 421 9 22-61 40 ] 27-60
BMI 25.8 4.0 19.2-40.8 26.9 40 19.0-373 273 45 17.2-50.1 27.2 4.5 17.8-455
Years worked 128 10 1-38 15 12 2-38 161 11 1-38 15 10 2-38
Drinks/day 10,934 1.0 0-5 0.6 0.9 0-4 0.51 0.9 0-6 0.5" 0.9 0-5
Cholesterol 214 41 140-331 214 43 121-308 215 39 105-303 222 44 122-384
HOL 54 15 31-121 47 11 29-80 48 13 24-100 48 15 26-119
Triglycerides 1314 95 32-527 155 102 35-633 169 123 32-731 177" 123 39-796
Alk Phos 6134 16 26-98 67 18 30-142 69’ 21 30-160 707 19 21-126
GGT . 24 16 7-111 29 22 7-144 26 15 6-89 30 17 7-85
AST 25 8 13-58 25 8 16-49 24 7 7-51 25 9 13-69
ALT 26 13 10-91 28 1 10-63 28 14 6-103 33' 19 8-99
Total Bllirubln 1.034 0.3 0.5-2.0 08 0.3 0.3-2.0 0.8 03 0.4-2.0 0.8 0.3 0.4-2.2
TSH 2.0 1.2 0.03-5.7 341 6.6 0.5-65.3 2.1 2.0 0.2-18.8 2.5 2.8 0.5-21.5
T4 8.3 1.4 0.5-11.5 8.2 1.4 4.2-120 8.3 1.5 3.3-129 84 1.4 4.7-11.4
Free T4 14 0.2 0.9-1.5 1.1 0.1 0.6-1.4 1.4 0.2 0.4-1.6 14 0.2 0.8-1.6
T3 1244 17 94-164 128 20 86-186 127 21" 91-196 132" 22 87-190
* Number of male employees by locatlon, production (P) and non-production (NP} categary and quartile (percent in parenthesis).
Qi Q2 Qa3 Q4
P NP P NP P NP P NP
Antwerp 38 38 38 12 38 4 36 2
Decatur 7 22 40 15 51 13 63 4
Total 45 (43) 60 (57) 78 (74) 27 (26) 89 (84) 27 (16) 99 (94) 6 (6)

" Mean Is signlificantly different (P < .05, Bonferronl (Dunn) t test) from the mean of the 1! quartlle; 2 2nd quartile; ® 3" quartile; ¢ 4™ quartile.

|
the male employees had one or more
liver clinical chemistry tests above
the reference range value compared
with 14 to 16% of the male employ-
ees in the lower three quartiles. Odds
ratios were calculated for each quar-
tile for those employees above or
below reference ranges as listed in
Table 4 (quartile one reference odds
ratio = 1.0). The odds ratios were
adjusted for the potential confound-
ing effects of age, BMI, alcohol,
cigarettes, and location. For ALT,
the odds ratios for the second, third,
and fourth quartiles were (95% Cl in
parentheses) 0.6 (95% Cl = 0.1-
2.8), 1.2 (0.3-4.8), and 2.1 (0.6-
7.3), respectively. For GGT, the odds
ratios were 1.3 (0.4-4.1), 0.9 (0.3-
3.1), and 2.0 (0.7-5.8), respectively.
For the total liver panel, the odds
ratios were: 1.1 (0.5 to 2.3), 1.1
(0.4-2.3), and 1.6 (0.7-3.3), respec-
tively. None of the odds ratios were

statistically significant (P < 0.03).
Logistic models did not meet satis-
factory convergence criteria because
of the few male subjects with values
above the reference ranges for alka-
line phosphatase or AST or for fe-
male employees for any liver func-
tion analysis in Table 4.

Using multivariable regression anal-
ysis and adjusting for potential con-
founders, serum PROS was positively
associated with the natural log of se-
mm cholesterol (PFOS coefficient =
0.020, P value = 0.04) and triglycer-
ides (PFOS coefficient = 0.066, P
value = 0.01), although these associa-
tions contributed minimally (partial R?
< 0.01 and 0.03, respectively) to the
variation explained in the models (cho-
lesterol model adjusted R* = 0.06;
triglyceride model adjusted R* =
0.27). PEOA and TOF were also pos-
itively associated with cholesterol and
triglycerides with similar variations

explained. These modest positive asso-
ciations for PFOS or PFOA, however,
were opposite the expected direction
based on the known toxicity of these
compounds. HDL was not signifi-
cantly associated with PFOS or PFOA.
Adjusting for their potential confound-
ers, the hepatic enzyme and bilirubin
analyses were not significantly associ-
ated with PFOS or PFOA. Multivari-
able regression analyses of the thyroid
hormones resulted in no significant
associations with PFOS or PFOA ex-
cept for a positive association with the
natural log of T3 (PFOS coefficient =
0.015, P value = 0.04; PFOA coeffi-
cient = 0.016, P value = 0.01), which,
again, contributed minimally to the
variation explained in the model (par-
tial R* = 0.01).

Longitudinal Analysis

A total of 174 Antwerp and Deca-
tur male employees participated in
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TABLE 3

Antwerp and Decatur Production and Non-Production* {n = 97) Female Employees' PFOS, PFOA, TOF, Demographic,
Clinical Chemistry and Thyroid Hormone Results by Quartile of Serum PFOS Distribution™
Quartile 1 (n = 24)

Quartile 2 (n = 24)

Quartile 3 (n = 25)

Quartile 4 (n = 24)

Mean SD Range Mean SD Range Mean sD Range Mean SD Range
PFOS 0.07** 0.02 0.04-010 0.13* 0.03 010-0.19 0.3¢" 0.15 0.20-070 1.51"2® 076 0.77-3.62
PFOA 0.04%4 0.04 0.01-023 0.07* 0.07 0.02-0.34 061" 0.74 0.04-3.50 1.88"2% 120 0.25-5.41
TOF 0.06%¢ 0.04 0.05-0.26 0.17** 0.07 0.09-0.35 0.80"2¢ 0.61 0.21-3.02 2.77'%% 144 0.86-7.81
Age 344 9 24-52 374 7 25-52 39 9 25-58 4412 6 30-52
BMI I22.84 27 18.4-283 23.9* 43 17.3-323 255 6.1 18.3-453 28.7'2 57 20.3-41.5
Years Worked 11 8 1-29 15 7 3-29 12 9 2-27 14 - 10 3-32
Drinks/day 0.4% 0.4 0-1 0.4% 0.4 0-1 0.3 0.4 0-2 02 0.1 0-1
Cholestsrol 207 38 132-274 203 39 138-302 200 32 139-271 208 42 129-313
HDOL 66 16 46-121 65 16 33-104 63 15 38-104 60 13 36-91
Triglycerides 93 48 26-248 91 4 24-172 107 53 32-233 164 206 42-1049
Al Phos 504 16 22-81 4434 14 20-65 592 16 32-91 692 18 41-100
GGT 114 7 2-32 13 8 5-41 14 6 7-30 221 21 6-97
AST 18 5 11-31 18 7 9-43 19 5 11-33 19 It 7-38
ALT 13 5 8-35 16 1 6-58 16 6 7-36 19 10 6-47
Total Bilirubin 0.8%4 02 0.5-1.2 0.8%¢ 0.3 0.2-1.7 0.6'2 0.2 0.3-1.0 0.512 0.1 0.3-0.8
TSH 2.2 1.2 0.03-4.9 2.2 15 0.03-6.7 2.5 1.4 0.7-6.5 2.3 1.0 1.0-5.2
T4 10.2 2.0 6.6-138 9.8 3.1 46-183 9.9 23 5.8-15.1 9.1 2.1 5.8-14.2
Free T4 1.1 0.1 0.8-1.3 1.2 0.7 0.7-4.6 1.1 0.1 0.9-1.3 1.0 0.1 0.7-1.2
T3 145 28 98-191 147 83 81-345 133 31 86-228 127 28 86-1986
* Number of female employees by location, production (P) and non-production (NP) category and quartlle (percent in parenthesis). !
Qi Q2 Q3 Q4
P NP P NP P NP P NP
Antwerp 3 20 2 17 1 6 0 0
Decatur 0 1 1 4 7 11 22 2
Total 3(12) 21 (88) 3(12) 21 (88) 8(32) 17 (68) 22 (92) 2(8)

1 Mean is significantly different (P < .05, Bonferronl (Dunn) t test) from the mean of the 1°* quartile; 22" quartile; 33 quartile; 4™ quartile.

the year 2000 medical surveillance
program and at least one of the two
previous program years: 64 (37%)
participated in both 1994/95 and
2000 (Antwerp = 45, Decatur = 19);
69 (39%) of the longitudinal group
participated in both 1997 and 2000
(Antwerp = 34, Decatur = 35); and
41 (24%) participated in all 3 years
(Antwerp = 21, Decatur = 20). For
purposes of brevity, these three sub-
populations are referred to as sub-
groups A, B, and C, respectively.

Presented in Table 5 are the mean
PFOS, PFOA, and TOF concentra-
tions for these three subgroups by
manufacturing site and year of the
medical surveillance program. Se-
rum PFOS declined over the 6-year
time period whereas mean serum
PFOA. concentrations increased for
subgroups B and C.

Serum PFOS was not a significant
predictor of cholesterol or triglycer-

ides in the longitudinal analyses (Ta-
ble 6). PFOA and TOF, however,
were positively associated with cho-
lesterol as well as triglycerides. This
association was primarily attributed
to the 21 Antwerp employees repre-
sented in subgroup C whose mean
serum PFOA levels increased over
the 6-year period from 1.32 ppm to
2.06 ppm whereas their serum PFOS
levels declined from 2.10 ppm to
1.53 ppm. During the same time
period, their mean cholesterol values
increased from 208 mg/dL to 229
mg/dL and their triglyceride levels
increased from 85 mg/dL to 123
mg/dL. Their BMIs increased from
23.4 to 24.3. There were no signifi-
cant PFOS, PFOA, or TOF coeffi-
cients associated with changes in
HDL or the various liver function
tests (data not shown) adjusting for
the potential confounders.

Discussion

Medical surveillance programs in
the workplace, including the present
fluorochemical program, are usually
voluntary. High participation rates in
these voluntary programs are impor-
tant to identify employees with ab-
normal test results, minimize partic-
ipation bias, and increase the
statistical power to detect subtle ab-
normalities.®® Also, nonparticipation
may not allow for an adequate char-
acterization of the distribution of
chemical-specific serum concentra-
tions in employee biomonitoring
analyses. We previously addressed
this latter question by conducting a
random sample biomonitoring study
of Decatur employees and 80% of
those eligible participated.>” The se-
rum distributions of PFOS and
PFOA concentrations were compara-
ble to previous data collected
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TABLE 4

Number of Particlpants (Percent in Parenthesis) by Employee Population Who Had Above Reference Range Values for
Hepatic Clinical Chemistry Tests by Quartile of Serum PFOS Distribution

Alkaline
Phosphatase

AST ALT

GGT Total Liver Panel*

Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4

Q1 Q2 Q3 Q4

Qi Q2 Q3 Q4 Q1 Q2 Q3 Q4

Antwerp & Decatur
Male Employees

Production and® 0(0) 1(1) 3(8) 2(2) 3(3) 1(1) 1(1) 4(4) 4(4) 4(4) 7(7) 13

Non-Production
Female Employees

Production and? 0 (0) 0(0) 0(0) 0(0) 0(0) 1(4) 0(0) 0(0) 0(0) 1(4) 0(0)

Non-Production

0(0) 0(0) 0(0) 0(0)

(12) 6 (6) 8 (8) 6 () 12 (12) 15 (14) 17 (16) 17 (16) 24 3)

28 0(0) 2(@8 00 2@

* Includes Alkaline Phosphatase, AST, ALT, GGT, Total and Direct Bilirubln (at least one of these tests were above upper reference range).

1 See Table 2 PFOS quartile distribution.
2 gee Table 3 PFOS quartile distribution.

TABLE 5

Mean and Standard Deviation of PFOS, PFOA, TOF for Three Employee Subgroups Who Participated in Fluorochemical
Medical Survelllance Program Between 1994 and 2000

Subgroup A (N = 64)

Subgroup B (N = 69)

Subgroup C (N = 41)

1994/1995 2000

1997 2000 1994/1995 1997 2000
Mean SD Mean SD Mean SD Mean SD  Mean SD Mean sD Mean sD
PFOS 2.13 2.16 1.36 1.24 1.36 137 1.20 0.9 213 1.48 2.09 1.54 1.65 1.62
PFOA 1.36 1.63 1.59 1.72 1.22 0.97 1.49% 1.06 1.41 1.09 1.90¢ 1.87 1.77° 1.22
TOF 2:32 2.09 1.98 1.69 1.73 1.47 1.80 1.16 2.35 1.36 2.66° 1.72 2.29 1.60

acomparlson between 1994/1995 and 2000 mean data, P < .05

through past, as well as the present
fluorochemical medical surveillance
programs; thus, we have concluded
that this voluntary fluorochemical
medical surveillance program has
likely presented a nonbiased assess-
ment of the employees’ serum. fluo-
rochemical distribution.

The company’s 2000 fluorochemi-
cal medical surveillance program
had three times the number of partic-
ipants compared to previous surveil-
lance years. The voluntary participa-
tion rates for the present assessment
were 53% (Decatur) and 75% (Ant-
werp) and were higher than those in
previous surveillance years. This in-
crease in employee participation was
likely the consequence of at least two
factors: 1) heightened employee
awareness about their serum fluoro-
chemical values; and 2) the compa-
ny’s announcement that it would vol-
untarily cease production of
perfluorooctanyl chemistry in certain

repellents and surfactants because of
the pervasive and persistent nature of
PFOS.

We observed several demographic
and lifestyle differences between the
Antwerp and Decatur employees. In
particular, Antwerp male employees
were younger, had lower BMIs, and
drank more alcoholic beverages than
their Decatur counterparts. These
differences can be important con-
founding variables when analyzing
lipid and hepatic clinical chemistries.

In the cross-sectional analysis, the
positive association in the multivari-
able models between PFOS and se-
rum cholesterol is contrary to the
substantial body of toxicological lit-
erature that suggests a negative asso-
ciation in laboratory ani-
mals.'>!*1%38 In a 6-month primate
PFOS capsule study, triglycerides
were unaffected but decreased serum
cholesterol was an early toxicologi-
cal response that occurred at serum

PFOS levels above 100 ppm.'? This
serum PFOS concentration is ap-
proximately ten times greater than
the highest employee value (10.06
ppm) measured in the present study.
Accordingly, the positive association
we observed between measured se-
rum PFOS concentrations and total
cholesterol appears spurious.

The serum PFOA concentrations
measured in these 518 employees
were lower than those measured
among the company’s manufacturing
employees at its Cottage Grove facil-
ity (the primary site of PFOA man-
ufacture) whose serum PROA levels
have been assayed as high as 114
ppm (mean = 5 ppm; median = 1
ppm).>' Mean serum trigylceride
levels were greater among (he Cot-
tage Grove APFO production work-
ers with the highest (=10 ppm)
PFOA serum concentrations al-
though adjustment for potential con-
founders have provided inconclusive
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TABLE 6

Longitudinal Analyses of Serum Cholesterol or Triglycerides Levels by PFOS, PFOA or TOF and Other Covariates for 174

Male Employees

Cholesterol" Triglycerides*
Coefficient 95% C.l. Coefficlent 95% C.l.
PFOS Model” .
PFOS 0.010 (—0.005)-0.025 0.025 (—0.015}-0.065
Years Observed 0.0009 (—0.008)-0.010 -0.004 (—0.029)~0.021
PFOS. X Years Obs -0.0004 (—0.004)-0.003 0.006 (—0.004)-0.015
PFOA Madel®
PFOA 0.032 0.013-0.051 0.094 0.045-0.144
Years Observed 0.005 (—0.004)-0.014 0.007 (—0.017)-0.031
PFOA X Years Obs -0.005 (~0.001)~(—0.002) -0.008 {—0.018)-0.002
TOF Model*
TOF 0.021 0.006-0.035 0.053 0.014~0.093
Years Observed 0.004 (-0.005)-0.014 -0.,0005 (—0.027)-0.026
TOF X Years Obs -0.003 (—0.005)-0.0003 —-0.0005 (—0.008)-0.007
¥ Natural log
* Adjusted for age, BMI, drinks/day, cigarettes/day, iocation, entry period and baseline years worked.

results.’’ The positive associations
observed between PFOA and triglyc-
erides in the present study are incon-
sistent with the known hypolipi-
demic effect of this compound in rats
that is thought to be associated with
activation of the nuclear receptor,
peroxisome proliferator-activated re-
ceptor (PPARa).'*'%* Haughom
and Spydevold have suggested that
this hypolipidemic effect results
from an overall decrease in lipopro-
tein formation due to decreased ac-
tivities of hydroxymethylglutaryl
CoA reductase and acyl-CoA:choles-
terol acyltransferase as well as a
reduction in fatty acid synthesis.'*
The relevance of the PPARa-medi-
ated response in humans has been
debated because of the greatly de-
creased expression of PPAR« in hu-
mans and other nonresponsive spe-
cies.*®#! On the other hand, PPARY,
a nuclear receptor expressed mainly
in adipose tissue, has been shown to
be activated by the antidiabetic thia-
zolidinendiones, which upregulates
glycerol kinase activity stimulating
increased hepatic triglycerides.*?
Whether this mode of action is plau-
sible for PFOA in humans is not
known. Mouse and human PPARYy,
were unresponsive to PFOA when
tested at a range of 0.5 to 40 uM in
a cell transfection assay.** In a
6-month oral toxicity study of PFOA

(ammonium salt) in male cynomol-
gus monkeys, PFOA was signifi-
cantly associated with triglycerides
in the high-dose group.?* This asso-
ciation was observed in measure-
ments taken after one month of dos-
ing at which time group mean
triglyceride was significantly higher
than control values as well as within
group pretreatment values. At the
end of the study mean triglyceride
was elevated compared to time re-
lated controls but not to the animals’
pretreatment values. However, only
two primates were evaluated in the
high-dose group at the end of study.
Inspection of individual values for
PFOA serum concentration and se-
rum triglyceride values did not re-
veal a meaningful association be-
tween these two parameters (John
Butenhoff, personal communica-
tion). Therefore, although the possi-
bility cannot be discounted that
PFOA may activate the PPARy nu-
clear receptor with a resulting in-
crease in triglycerides, the evidence
for this mechanism remains equivo-
cal.

Adjusting for potential confound-
ing factors, there were no substantial
associations between hepatic en-
zymes and the employees’ serum
PFOS concentrations. This observa-
tion is consistent with results from
the 6-month PFOS capsule feeding

study where no overt hepatic toxicity
was observed in the two lower dose
groups (0.03 or 0.15 mg/kg/day)
whose mean serum concentrations
measured 16 and 83 ppm (males) and
13 and 67 ppm (females), respective-
ly.'? The 0.75 mg/kg/day treatment
group did show hepatocellular hy-
pertrophy and lipid vacuolation
along with other signs of toxicity and
two of six male monkeys died (no
female deaths). No significantly in-
creased differences from control or
pretreatment values were observed at
end-of-study for serum levels of al-
kaline phosphatase or ALT in the
high dose group. Mean serum con-
centrations for male and female
monkeys at this dose was 170 ppm.
The liver:serum concentration ratio
in the primate was approximately 1:1
to 2:1 for all treatment groups.

We observed a positive associa-
tion between PFOS and T3 in the
longitudinal assessment. There is un-
likely any clinical relevance for this
association. No other thyroid hor-
mone was associated with PFOS and
the observation is contrary to the
primate study, which showed low-
ered T3 values without an indication
of a hypothyroid compensatory in-
crease in TSH, hypolipidemia or thy-
roid gland histological changes.

Retrospective cohort mortality
studies have not reported statistically
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significant standardized mortality ra-
tios for all cancer or liver cancer
deaths at either the Decatur or Cot-
tage Grove manufacturing sites.**~*¢
The Decatur mortality study did ob-
serve three deaths from bladder can-
cer compared to 0.2 expected (stan-
darized mortality ratio = 12.8; 95%
ClL = 2.6-37.4) in the subgroup of
workers with the highest potential
exposure to perfluorooctanesulfonyl
fluoride (POSF)-based materials.**
Alexander et al. did not determine
whether this association was fluoro-
chemical-related or possibly due to
other nonfluorochemical occupa-
tional exposures, nonoccupational
exposures or chance. PFOS did not
result in any bladder tumors in the
high dose group (20 ppm) of a 2-year
bioassay of rats.'* The present study
found-no differences among Decatur
employees’ serum PFOS concentra-
tions and their urinalyses. Additional
epidemiologic research is ongoing to
further understand the bladder cancer
mortality association among the De-
catur workforce.

Although we were able to perform
a longitudinal assessment of the
medical surveillance data, several
limitdtions remained in our analyses.
Only 41 of the 175 employees in the
longitudinal analysis participated in
all three surveillance years. Insuf-
ficient numbers prevented longitu-
dinal analyses of the female em-
ployees. Because 3M announced a
phase-out of the production of per-
fluorooctanyl chemistry-related
materials, it is doubtful whether
there will be more employees who
can be included in future longitudi-
nal assessments. Given the vari-
ability inherent in the analytical
method and the different laborato-
ries used, serum measurements of
PFOS and PFOA may have varied
+20% although most were +10%.
This experimental error may have
masked associations with lipid or
hepatic clinical chemistries al-
though the range of PFOS and
PFOA measured was relatively
consistent throughout the study
time period. Our findings suggest

that employees’ measured serum
PFOS concentrations have either
remained constant or declined
slightly during this 6-year time pe-
riod. However, serum PFOA levels
trended slightly upwards during the
study period, which may have been
the result of increased production.

In summary, a cross-sectional
analysis of 421 male and 97 female
POSF and PFOA production and
nonproduction employees, as well as
a Jongitudinal analysis over a 6-year
time period of 174 male employees,
have not shown substantial changes
in lipid or hepatic clinical chemistry
test results that are consistent with
the known toxicological effects of
these compounds. This finding was
not unexpected because these em-
ployees’ average serum concentra-
tions were considerably lower than
those known' to cause the earliest
clinical effects in laboratory animals.
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Perfluorooctanesulfonate and Other Fluorochemicals in the Serum

of American Red Cross Adult Blood Donors

Geary W. Olsen,’ Timothy R. Church,2 John P. Miller,® Jean M. Burris," Kristen J. Hansen,* James K. Lundberg,*
John B. Armitage,® Ross M. Herron,® Zahra Medhdizadehkashi,” John B. Nobiletti,? E. Mary O'Neill,’

Jeffrey H. Mandel," and Larry R. Zobel

Medical Department, 3M Company, St. Paul, Minnesota, USA; ?Division of Environmental and Occupational Health, University of
Minnesota, Minneapolis, Minnesota, USA; 3American Red Cross, North Central Region, St. Paul, Minnesota, USA; *Environmental
Laboratory, 3M Company, St. Paul, Minnesota, USA; JAmerican Red Cross, Carolinas Region, Charlotte, North Carolina, USA;
8American Red Cross, Southern California Region, Los Angeles, California, USA; 7American Red Cross, Pacific Northwest Region,
Portland, Oregon, USA; 8American Red Cross, Greater Allegheny Region, Johnstown, Pennsylvania, USA; ®American Red Cross,

New England Region, Dedham, Massachusetts, USA

Perfluorooctanesulfonyl Auoride-based products have included surfactants, paper and packaging
treatments, and surface protectants (e.g., for carpet, upholstery, textile). Depending on the specific
functional derivatization or degree of polymerization, such products may degrade or metabolize, o
an undetermined degree, to pcrﬂuorooctam:sulfonate (PFOS), a stable and persistent end product
that has the potential to bioaccumulate. In this investigation, a total of 645 adult donor serum sam-
ples from six American Red Cross blood collection centers were analyzed for PFOS and six other
fluorochemicals using HPLC-electrospray mass §pec y, PFOS concentrations ranged
from the lower limit of quantitation of 4.1 ppb to 1656.0 ppb with a geometric mean of 34.9 ppb
[95% confidence interval (CI), 33.3-36.5]. The geometric mean was higher among males (37.8 ppb;
959% Cl, 35.5-40.3) than among females (31.3 ppb; 95% CI, 30.0-34.3). No substantial difference
was observed with age. The estimate of the 95% tolerance limit of PFOS was 88.5 ppb (upper limit
of 95% CI, 100.0 ppb). The of ¢ | tendency for the other fluorochemicals (N-ethyl
perfl 1fe idoacetate, Noemethyl perfluorooctanesulfonamidoacetate, perfluorooctane-
sulfonamidoacetate, perfluore Ifonamide, perfl and perfluorch sulfonate)
were approximately an order of magnitude lower than PFOS. Because serum PFOS concentrations
correlate with cumulative human exposure, this information can be useful for risk characterization.

Key words: American Red Cross, biomonitoring, blood donors, fluorochemicals, perfluorooctane-
1E.

per PFOA, PFOS. Environ Health Perspece 111:1892-1901 (2003).
d0i:10.1289/¢hp.63 16 available via htsp://dx.doi.org/ [Online 15 September 2003]

In May 2000, the 3M Company (3M)
announced that it would voluntarily cease
manufacturing materials based on perfluoro-
octanesulfonyl fluoride (POSF; CgF;SO,F)
after a metabolite of this compound, per-
fluorooctanesulfonate (PFOS; CgF 78057,
was found to be widespread in human popu-
lations and wildlife (3M Company 2003;
Giesy and Kannan 2001; Hansen et al. 2001;
Kannan et al. 2001a, 2001b, 2002a, 2002b).
Using POSF as a basic building block, unique
chemicals were created by further reactions
with functionalized hydrocarbon molecules.
Major applications of these POSF-based prod-
ucts have included surfactants, paper and pack-
aging treatments, and surface protectants (¢.g.,
for carpet, upholstery, textile). Depending on
the specific functional derivatization or the
degree of polymerization, such POSF-based
products may degrade or metabolize, to an
undetermined degree, to PFOS, a stable and
persistent end product that has the potential to
bioaccumulate. Although not a major com-
mercial product, PFOS has been used in some
products, including fire-fighting foams.

The mechanisms and pathways leading to
the presence of PFOS in human blood are not
well characrerized bur likely involve environ-
mental exposure to PFOS or to precursor
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molecules and residual levels of PFOS or
PFOS precursors in industrial and commercial
products. PFOS has been detected at low parts
per billion (nanogram per milliliter) concentra-
tions in the general population (3M Company
2003; Hansen et al. 2001; Olsen et al. 2003b),
although the scope and sample size of these
investigations have been limited. Serum PFOS
concentrations among production employees
working in POSF-related processes have aver-
aged berween 0.5 and 2 ppm depending on
work activity (range < 0.1-12 ppm) (Olsen et
al. 1999, 2003a, 2003c). A large body of toxi-
cology and epidemiology data is available for
review regarding PFOS [3M Company 2003;
Organisation for Economic Co-operation and
Development (OECD) 2002]. Results from
several repeat-dose toxicologic studies consis-
tently demonstrated that the liver is the pri-
mary target organ (3M Company 2003;
OECD 2002). Liver cell hypertrophy and
reduction in serum cholesterol are early
responses to PFOS that occur in rats as well as
monkeys. Both species display an apparent
threshold for the roxic effects of PFOS that can
be expressed in terms of cumulative dose or
body burden, with no observable response at
lower cumulative doses or body burdens.
Following the company’s announcement to

voluntarily cease production, the U.S.
Environmental Protection Agency (EPA) final-
ized a significant new use rule o regulate
PFOS and related chemicals (U.S. EPA 2002).

The purpose of this study was to better
characterize the distribution of PFOS and six
other fluorochemicals, some of which are
PFOS precursors, in a large adult population
by analyzing serum samples obtained from
donors at six American Red Cross blood
banks. An assessment of the serum fluoro-
chemical distribution was performed in rela-
tion to three demographic attributes (age, sex,
and location) of the anonymous blood donors.

Materials and Methods
Fluorochemicals

The seven analytes detected and quantified
in this study were PFOS, N-ethyl perfluoro-
octanesulfonamidoacetate [PFOSAA;
C4F1780,N(CH,CH;)CH,C0O0"],
N-methy! perfluorooctanesulfonamidoacetate
[M570} CEF |7802N(CH3)CH ;_COOW].
perfluorooctanesulfonamidoacetate (M556;
CyF780,NHCH,COQ"), perfluorooctane-
sulfonamide (PFOSA; CgF,780,NH,), per-
fluorooctanoate (PFOA; C,;F;sCOO"), and
perfluorohexanesulfonate (PFHS; CgF138057).

PFOSAA is an oxidation product of
N-ethyl perfluorooctanesulfonamidoethanol
(N-EtFOSE), which was primarily used in
paper and packaging protectant applications.
MS570 is an oxidation product of N-methyl
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perfluorooctanesulfonamidoethanol, which
was used primarily in surface treatment appli-
cations (e.g., carpets, textiles). Therefore,
PFOSAA and M570 can be considered mark-
ers of consumer-related exposure. Both
PFOSAA and M570 can metabolize to M556
and PFOSA, which in turn can later metabo-
lize to PFOS. Unlike PFOSAA and M570,
other POSF-related analytes (M556, PFOSA,
and PFOS) are not specific to any one con-
sumer application. PFOA and PFHS are not
precursors or metabolites of PFOS. Ninety-
seven percent of PFOA that was produced by
3M was used by its industrial customers and
in its own processes as a fluoropolymer pro-
cessing aid (Wendling 2003). The remainder
was used in medical film coating and elec-
tronic applications involving printed circuit
boards and precision bearings. 3M analytical
studies of eight POSF-based product samples
have identified the presence of PFOA at very
low concentrations as a manufacturing impu-
rity (Wendling 2003). In a biodegradation
study of N-EtFOSE, PFOA could be formed
instead of PFOS only under an abiotic or
hydrolytic condition during the last step of the
degradation pathway (Lange 2001). PFOA
could also be an oxidation product or metabo-
lite of the widely used telomer-based fluoro-
chemicals manufactured by other companies
(Hagen et al. 1981). PFHS, the sulfonate form
of perfluorohexanesulfonyl fluoride (PHSF),
could also be a residual by-product of POSF-
based production. 3M also produced PHSF as
a building block for compounds incorporated
in fire-fighting foams and specific postmarket
carpet treatment applications.

We also calculated the total organic fluo-
rine value (TOF). TOF is the percentage of
the molecular weight for each of the seven
fluorochemicals that was attributed to organic
fluorine (PFOS, 64.7%; PFHS, 61.9%;
PFOA, 69.0%; PFOSAA, 55.3%; PFOSA,
64.7%; M570, 56.6%; M556, 58.1%) multi-
plied by the concentration measured for each
fluorochemical and then summed across all
seven fluorochemicals.

Sample Collection

Through cooperation with six American Red
Cross blood banks, 645 serum samples (332
males, 313 fermales) were obtained from adult
donors (20~69 years of age) in 2000-2001.
Each sample (1-2 mL serum) was stored at
—20°C in a plastic tube until laboratory analy-
sis. Methodologic studies have not shown these
fluorochemicals to be extracted from blood
collection materials (Hansen K. Personal com-
munication). The six American Red Cross
blood banks represented donors from the fol-
lowing areas: Los Angeles, California; Portland,
Oregon; Minneapolis—St. Paul, Minnesota;
Charlotte, North Carolina; Hagerstown,
Maryland; and Boston, Massachusetts. These

metropolitan areas were chosen to represent
different geographical locations in the United
States. (The primary 3M POSF-based produc-
tion facility in the United States was located in
Decatur, AL, which is not in the area of any of
these six locations. 3M did manufacture PEOA
at its Cottage Grove, MN, plant, which is
located in the southeastern part of the
Minneapolis-St. Paul metropolitan area. At
this site there was also some production of
POSF-based materials but not to the same
extent as manufactured at the Decatur plant.)
Approval for this study was obtained from
the American Red Cross Biomedical Services
Institutional Review Board. Samples were void
of personal identifiers. The only known demo-
raphic factors were age, gender, and location.
Each blood bank center was requested to pro-
vide approximately 100 serum samples: 10
samples for each 10-year age interval (20-29,
30-39, 4049, 50-59, and 60-69) for each sex.
We estimated a priori a statistical power of
more than 95% to detect a 20% difference
between any two 10-year age groups (combined
locations) and more than 80% power to detect
a 20% difference by sex within each age group.

Laboratory Assay

Tandem Labs (formerly Northwest
Bioanalytical; Salt Lake City, UT) analyzed
the fluorochemicals using techniques similar
to those described by Hansen et al. (2001).
Some modifications were made to the method
1o accommodate the small sample volume and
to further assure the quality of the method for
the analysis of human sera and plasma samples
(Tandem Labs 1999, 2001a, 2001b).

Sample preparation. One hundred micro-
liters of serum (or plasma) were extracted for
analysis. The serum sample was added to
400 pL of 50 mM ammonium acetate in
water in a polypropylene tube. Samples were
vortex mixed and 50 pL of the internal stan-
dard, tetrahydroperfluoroactanesulfonate
(THPFOS), was added to cach sample before
a second vortex mixing of approximately
30 sec. Three milliliters of methyl-rerr-butyl
ether (MTBE) was then added to each sample,
which was vortex mixed for 30 sec and rotated
for 10 min. The samples were centrifuged,
and the MTBE layer was transferred to a clean
polypropylene tube. The MTBE was evapo-
rated to dryness, and the extract was reconsti-
tuted in 100 pL 30:70 (vol:vol) 20 mM
ammonium acetate in water:20 mM ammo-
nium acetate in methanol and vortex mixed
for 15 sec. The samples were transferred to
autovials and centrifuged at 3,000 rpm for
2 min.

Because of the difficulty in finding suitable
human sera in the United States to use for
method blanks and quality control (QC) sam-
ples, we obtained rural Chinese human plasma,
collected in 1999, with low endogenous
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fluorochemical concentrations, from a source
within the United States. Studies designed to
characterize the selectivity and the extraction
efficiency for the two matrices, conducted
before the sample analysis, indicated thac this
plasma was a suitable choice for the calibration,
blank, and QC matrix samples.

Blank samples were prepared in the same
way as the sera samples, The internal standard
solution was added to half of the blank plasma
samples; the remaining plasma blanks were
prepared without internal standard. The THP-
FOS internal standard was added to all plasma
and serum samples at approximately 200 ppb.
THPFOS is a partially Auorinated surfactant
with a structure similar to the rarget analytes

. and is a reasonable surrogate for all the analytes

in this study, Studies carried out before valida-
tion indicated that, because THPFOS has a
retention time very similar to PFOA, extremely
high levels of PFOA (> 500 ppb) can suppress
the signal for THPFOS, resulting in artificially
high reported levels of all analytes except
PFOA. However, none of the samples analyzed
in this study contained PFOA at high enough
levels to suppress the THPFOS signal.

Calibration standards and QC samples,
extracted from plasma, were prepared follow-
ing the same procedure described for the sam-
ples excepr that the QC standards were spiked
with a mixture of the seven target analytes
concurrent with the addition of the internal
standard.

Given the low-level presence of many of
the targer analyrtes in these biologic matrices,
rigorous attention to the preparation, analysis,
and data interpretation of blanks, calibration
standards, and QC samples was critical. The
analytical system was monitored for analyrical
artifacts such as carryover and for potential
sources of contamination.

Analysis of samples. We used a Genesis
Lightning C18 4-pm inner diameter, 2 x
50 mm analytical column (Argonaut
Technologies, Inc., Foster City, CA) for chro-
matographic separation. The mobile phase
was 20 mM ammonium acetate in water (a)
and 20 mM ammonium acetate in methanol
(b) and was programmed to run from 50% to
97.5% (b) over the course of a 9-min gradient.
After a 2-min hold at 97.5% (b), the run equi-
librated back 1o 50% (b) for 2 min. The flow
rate was 300 pL/min and the column was
maintained at 40°C. 2-(2-Methylethoxy)-
ethanol (50 pL/min) was added postcolumn.

Extracts were analyzed on a Perkin-Elmer
Sciex AP13000 with a Turbolon Spray source
(PE Sciex, Concord, Ontario, Canada) main-
tained at 400°C in the negative ion mode. All
seven target analytes, along with the internal
standard, were monitored in a single run
recording a single transition for cach ion with
a dwell time of 70 msec. The collision energy
was optimized for each analyte and ranged
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from 25 to 80 eV. Because the focus of this
work was quantitation of the total amounts of
the target analytes, isomers of the targer ana-
lytes were treated as a single peak even though
full resolution was achieved. Quantitation was
based on evaluation of the samples versus
duplicate calibration curves extracted from
plasma predetermined to contain little or no
endogenous levels of the target analytes. The
calibration curves were evaluated using a qua-
dratic regression analysis (weighted 1/X?).

Method characterization and QC. Before
analysis of the samples, we validated this
method with respect to selectivity, accuracy,
precision, quantitation range, and lower limit
of quantitation (LLOQ). The extraction effi-
ciency of the target analytes from human
serum was between 15% and 70%, depending
on the analyte. It was not necessary to correct
for extraction efficiency because the calibration
curve was extracted. The precision and accu-
racy of the method were determined for all
analytes by analyzing three levels of QC sam-
ples in replicates of five in a single run. Intra-
assay precision was within 6% for all analytes;
the accuracy was = 18% for all analytes.

The LLOQ, evaluated for each run and
analyte, varied between 1 and 4 ppb. We did
not perform an experimental determination of
the method LLOQ; instead, the lowest stan-
dard injected for a particular run that mer the
acceptance criteria was chosen as the LLOQ.
Samples were evaluated quantitatively using a
6-8-point extracted calibration curve covering
the targer range for each analyte from abouc 1
to 500 ppb. For all analytes except PFOSA and
PFOSAA, at least 75% of the back-calculated
concentrations for the calibration standard was
required to be within 15% (20% at LLOQ) of
the theoretical concentration. For PFOSA and
PFOSAA, at least 75% of the back-calculated
concentrations for the calibration standard was
required to be within 20% (25% at LLOQ) of
the theoretical concentration.

We found that QC samples, calibration
standards, and samples were stable through
seven freeze—thaw cycles. All analytes were
stable in matrix through 42 days at —20°C.
All analytes were stable in the extracts
through 7 days stored at room temperature.

Analytical QCs, extracted from plasma
and prepared ar the same time as the calibra-
tion curve, were injected intermittently during
the analytical run. Three levels of QC samples,
spanning the range of the method (-4, 150,
and 400 ppb), were analyzed in duplicate.
Analytical QCs were analyzed in duplicate;
dilution QCs were also prepared and analyzed
and run in triplicate for any assay that con-
tained a diluted sample. QC samples were.pre-
pared at three levels spanning the calibration
range: approximately 4, 150, and 400 ppb.
The measured concentration for two-thirds of
all analytical QCs was required to be within
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20% (25% for PFOSA and PFOSAA) of the
theoretical concentration, and no two QCs at
the same concentration could be outside the
limit. Any analytical run containing a diluted
sample included a dilution QC, analyzed in
wiplicate for each dilution level. At least two
of the dilution QCs were required to be
within 20% of the theoretical concentration.
Evaluation of QC samples injected during the
analyrtical runs of the 645 samples indicated
that the reported quantitative results may have
varied + 10% for precision and accuracy
(Tandem Labs 2002).

Twenty-four samples were split and ana-
lyzed to provide an estimate of the reliability
of the analyses conducted. The analyrical lab-
oratory was blind to the identity of these split
samples. These analyses were performed con-
currently with all other analyses of the study
to minimize experimental error. Five split
samples were analyzed from Charlotte, Los
Angeles, Hagerstown, and Portland and four
split samples from Boston. Inadvertently, no
reliability analyses were performed on the
Minnesota samples. There was a strong corre-
lation between the split samples (r = 0.9) with
PFOS, PFOA, and PFHS. The analysis of the
split samples for the other fluorochemicals
was problematic because only six split samples
for PEOSAA and seven split samples for
MS570 had values that were above the LLOQ.
None of the PFOSA and M556 split samples
were above the LLOQ.

Data Analysis

We used measures of central tendency applic-
able to log-normally distributed data (median,
geometric mean) for descriptive analyses. In
those instances where a sample was measured
below the LLOQ), the midpoint between zero
and the LLOQ was used for calculation of the
geometric mean. A sensiivity analysis of the
assessment of this midpoint assumption and
how it affected the calculation of the geo-
metric mean was performed using the 10th
and then 90th percentile values between zero
and the LLOQ for those samples < LLOQ.
Results for the geometric mean calculations
for cach fluorochemical remained similar to
when the midpoint assumption was used
(data not shown).

The log-linear relation between PFOS
and PFOA was modeled as follows:

In{PFOS] = (2 x In[PFOA]) + (¢ x age)
+ (d x sex) + (f x age x sex)
+g+E, [1]

where g is the intercept and € is the error
term. We used an analogous log-linear model
to relate PFOS to PFHS. The interaction
term between age and sex was not a signifi-
cant predictor in either model and was there-
fore not included in the final analyses.

Residuals were inspected to assure model
assumptions provided reasonable fir.

To examine the relationship between PFOS
concentration and the concentration of the two
other precursor molecules, PFOSAA and
M570, a nonlinear model was fit to the dara:

In[PFOS] = In((PFOSAA}“ + [M570]9)
+ (¢ x age) + (4 x sex)
+(fxagexsex) +g+e. [2]

This model represents an additive relation
between PFOS concentration and the concen-
trations of the other two molecules because the
hypothesized mechanisms of association—that
is either correlated exposure sources or conver-
sion from one molecule to another—suggested
additivity rather than a multiplicative relation.
At the same time, the model is consistent with
the simpler models relating PFOS concentra-
tion to that of a single molecule and preserves
the log-linear relationship of PFOS concentra-
tion to age and sex suggested by inspection of
the residuals in these simpler models. The
adjusted log-linear models were fit using maxi-
mum likelihood using the /m program, and the
adjusted nonlinear model was fit using
weighted nonlinear least squares, as imple-
mented in the »k program; both are programs
in S-Plus, version 6.0 (Insightful Corporation
2001). To avoid making normality assump-
tions in these log-linear models, bootstrapping
was used to form confidence intervals for the
parameters (Efron and Tibshirani 1993). In
this method, a large number of full-size sam-
ples of the original observations are drawn with
replacement, from each of which an estimate
of the percentile is generated. The distribution
of these estimates mimics the underlying sam-
pling distribution for the original estimate
assuming that the parent population looks like
the sample. We used bias-corrected, acceler-
ated percentiles to minimize residual bias. A
bias correction factor is derived by comparing
empirical percentiles with bootstrap per-
centiles, and acceleration is accomplished by
partial jackknifing, a method of systematically
resampling the data. The effect on parameter
estimates and confidence intervals of includ-
ing location as a random effect in the above
models (using the S-Plus programs Ime and
nime) was negligible; only the results from the
nonhierarchical models are given. In order to
minimize parametric assumptions in the esti-
mation of extreme percentiles of the popula-
tion, the bias-corrected, accelerated bootstrap
method was also used to generate confidence
intervals around the empirical percentiles for
serum concentrations.

Results

The frequency distributions of PFOS, PFOA,
PFHS, PFOSAA, and M570 are shown in
Figure 1. Although the graphs suggest
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log-normal distributions, only the PFOS
distribution met such criteria based on the
Shapiro-Wilk test. This lack of log normality
is due to the greater percentage of subjects
with values < LLOQ for PFOA, PFHS,
PFOSAA, and M570. Sratistical analyses are
not presented for PFOSA and M556 because
of the low number of subjects (7 = 13) whose
serum concentrations of PFOSA or M556
exceeded the LLOQ. The LLOQs for PFOSA
and M556 ranged between 1.0 and 3.2 ppb.
Although PFOSA and M556 are not presented

in the later analyses, they were included in the
calculation of the TOF value assuming the
midpoint between zero and the LLOQ.

The range, interquartile range (IQR; ie.,
the lower end of the second quartile and the
upper end of the third quartile), number of
samples < LLOQ, 90th percentile, median,
geometric mean, and 95% confidence interval
(CI) of the geometric mean for PEOS, PFOA,
PFHS, PFOSAA, and M570 are provided in
Table 1. The midpoint assumption was based
on the LLOQs in place for the specific sample

runs. No donor sample had more than one
LLOQ. The percentages of samples < LLOQ
for each fluorochemical were PFOS, 0.2%;
PFOA, 8%; PFHS, 48%; PFOSAA, 58%;
and M570, 60%.

For all donors, the geometric mean PFOS
level was 34.9 ppb (95% CI, 33.3-36.5). The
range of PFOS values was < LLOQ (4.3 ppb)
to 1656.0 ppb. Serum samples from male sub-
jects had significantly (p < 0.05) higher geo-
metric means for PFOS than for serum
samples from female subjects (Table 1). Serum
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samples from males also had significantly
higher serum levels of PFOA and PFHS com-
pared with serum samples from females,
although the mean levels for both sexes were
approximately one order of magnitude lower
than that of PFOS. The overall geomerric
mean for the calculated TOF was 31.7 ppb
(95% CI, 30.4-33.0; data not shown). The
calculated TOF values ranged from 5.7 ppb to
1083.2 ppb.

Age was not an important predictor of
adult serum fluorochemical concentrations
(Figure 2). Instances of many outliers (e.g.,
M570 concentrations in males 40—49 and
60—G9 years of age) occurred as a result of a
large percentage of values < LLOQ thar were
wichin the 1.5 x interquartile range.

The unadjusted (for age and sex) serum
PFOS concentrations were higher in Charlotte
compared with the other locations as a conse-
quence of a higher interquartile range
(Table 2). Table 3 shows the results from the
statistical bootstrap analysis that calculared
mean serum fluorochemical values for each of
the six locations adjusted for 10-year age inter-
vals, sex, and their interaction terms. There was
a 10-ppb difference in the adjusted mean serum
PFOS concentration between the highest
(Charlotte) and lowest (Boston) locations. The
mean values for the other fluorochemicals were
comparable between locations. Because PFOS
is the primary contributor to the calculated
TOF, the bootstrap analysis findings for TOF
mirrored those of PFOS.

Scatter plots (log scale) between the five
fluorochemicals are displayed in Figure 3.
PFOS and PFOA were highly correlared

(r = 0.63). PFOS had a lower correlation with
PEOSAA (r = 0.42) and lower yet with M570
(r = 0.20). The correlation between PFOSAA
and M570 was weak (r = 0.12). The remaining
scarter plots display the correlations between
PFOS and PFHS (r = 0.38) and PFOA and
PFHS (r=0.32). ‘

Both PEOSAA and M570, adjusted for age
and sex, were significant predictors of PFOS
(Table 4). PFOSAA was the more significant
of the two variables (PFOSAA #value = 14.5;
M570 #value = 4.6). Controlling for age and
sex, PFOA and PFHS were also associated
with PFOS.

Table 5 presents the results from bootstrap
analyses conducted to provide upper tolerance
limits. The upper tolerance limits represent
the concentration of each fluorochemical
below which the stated proportion of the pop-
ulation is expected to be found. The biased
corrected estimates for the 90th, 95th, and
99th percentile tolerance limits of the five
serum fluorochemicals and TOF along with
the upper limir (bound) from the 95% CI are
shown in Table 5.

Discussion

The findings from this analysis of serum
PFOS concentrations in 645 adult blood
donors are consistent with previous, albeit
sparse, human dara (3M Company 2003;
Hansen et al. 2001; Olsen et al. 2003b).
Serum samples obtained in the United States
during the late 1990s showed mean PFOS
concentrations of 30 ppb in 18 pooled blood
banks, 44 ppb from a pooled commercial sam-
ple of 500 donors, 33 ppb from a different

pooled commercial sample of 200 donors,
and 28 ppb in 65 commercial individual
human sera samples (3M Company 2003;
Hansen et al. 2001). These findings were also
comparable to a limited number of serum
samples from Europe that were determined to
have mean serum PFOS concentrations at
17 ppb in five pooled samples from a blood
bank in Belgium, 53 ppb in six pooled sam-
ples from the Netherlands, and 37 ppb from
six pooled blood samples from Germany (3M
Company, 2003). Mean liver and serum
PFOS concentrations of 20.8 ng/g (ppb) and
18.2 ng/mL (ppb), respectively, were reported
among 23 human donors with paired samples
(Olsen er al. 2003b). The mean calculated
TOF of 31.7 ppb in the present study is also
consistent with the low—parts-per-billion
TOF measurements of general population
samples that have been reported since the
1960s (Belisle 1981: Singer and Ophaug
1979; Taves 1968; Taves et al. 1976).
Compared with these previous assess-
ments, in the present study we analyzed a suf-
ficient sample size that facilitated the
characterization of the serum fluorochemical
distribution by age and sex. This included the
calculation of estimates of upper tolerance
limits and their upper bounds. The highest
serum PFOS measurement (confirmed by
reassay of the sample) was 1,656 ppb. This
PFOS sample approximated the average serum
PFOS levels observed for POSF-related pro-
duction workers (Olsen et al. 1999, 2003a);
however, there is no POSF-related production
plant in the Portland area. Because donor
samples were anonymous, it is not possible to

Table 1. Measures of central tendency of serum fluorochemical concentrations (ppb) for American Red Cross blood donors (n = 645) by sex.

PFOS PFOA PFHS PFOSAA M570
All {n= 645)
Range <1L0Q{4.3-1656.0 <LL0G(1.9+52.3 <LL0Q{1.41-66.3 <LL0Q{1.61-60.1 <LLOQ(1.0+16.4
10R 24.7-48.5 3.4-6.6 <Ll0Q(2.1}-34 <LL0Q(2.8)-3.4 <1100{1.8-2.2
<1L0Q (number} <43(1) <19(2) <1.4(72) <1.6(101) <1.0{63)
<2.1{48) <2.1(235) <2.81(271) <1.8(326)
Cumulative 90% 707 94 6.3 5.2 38
Median 358 47 1.5 <L0Q (2.8) <LL0an.g
Geometric mean 34.9 46 19 2.0 13
95% CI geometric mean 33.3-365 4348 1.6-20 1.9-2.1 13-14
Males (n=332)
Range <1100 (4.3-1656.0 <LL0Q{1.9}-29.0 <LLOQ{1.4)-66.3 <LL0Q (1.6}-60.1 <L10Q{1.0+-16.4
IQR 28.3-497 - 36-7.0 <LL0Q(2.1}-38 <1100(2.8H33 <LL0Q (1822
< LLOQ {number) <2.1(19) <1.4(30) <1.6(58) <1.0(36)
<2.1(104) <2.8{146) <1.8(163)
Cumulative 90% 728 10.1 79 47 35
Median 374 49 21 <LLOG (2.8) <LL0Q(1.8)
Geometric mean 378 49 22 19 13
95% Cl geometric mean 35.5-40.3 46-53 20-24 1.8-2.1 1.2-14
Females (n=313)
Range 6.0-226.0 <0G (2,1}+52.3 <LL0Q{1.4}-15.3 <LL0Q(1.6}-276 <1100 (1.01-10.6
I0R 22.0-45.8 3162 <tloqa(2.1}-2.8 <LL0Q(2.8}-3.6 <LL0Q(1.8)-22
< LLOQ {number) <1.9(2) <1.4(42) <1.6{43) <1.0(27)
<2.1(29) <2.1(131) <2.8(129) <1.8(163)
Cumulative 90% 69.7 8.4 5.0 6.1 40
Median 313 44 <LLoaf2.1) <1L0Q(2.8) <1L0Q 1.8)
Geometric mean 321 42 1.6 2.1 1.3
95% Ci geometric mean 30.0-34.3 3945 15-1.8 2.0-23 12-14
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determine anything else about this individual
besides sex (male), age (67 years), and loca-
tion of the blood bank (Portland). The next
highest donor level for PFOS was considerably
lower at 329 ppb (also a male, 62 years of age,
from the Portland blood bank location), and
the next eight highest serum PFOS values
(range, 139-226 ppb) were measuted in four
females and four males from the Charlotte

ﬂ
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Our findings showed 2 correlation
berween PFOS and PEOA. PFOS has been
measured in both human populations an
wildlife, including marine mammals and
piscivorous birds (3M Company 2003; Giesy
and Kannan 2001; Hansen et al. 20013
Kannan et al. 2001, 2001b, 2002a, 2002b).
Serum PFOA concentrations, however, have
been consistently quantified (i.c., measured
above the LLOQs) primarily in humans. This
association between PFOS and PFOA is of sig-
nificant interest because PEOA cannot convert
directly from PFOS (or vice versa). Whether
this statistical association is due to the pres-
ence of PFOA as a by-product in POSE-
related production or to other nonrelated
environmental or consumer products (¢.g-»
higher chain celomers) remains to be deter-
mined. Another unanswered question is
whether pcrﬂuorooc:anesulfonamidcs can
metabolize in humans t© PFOA.

PFOS was also correlated with two fluoro-
chemicals, PFOSAA and M570. These ana-
lytes may come from oxidation of compounds
used in consumer products involving
paper/packaging and carpet/textile/ upholstery
protectants, respectively.

As with any interpretation of data obtained
from a study population, questions arise regard-
ing how well the data represent the source pop-
ulation and the ability to generalize from the
information collected. We believe the donor
selection process used in this study likely
resulted in a reasonable representation o the

mental chemicals [Centers for Disease Control  elimination for PFOS in humans to be approxi-

and Prevention
intent of this study
of the diverse U.S.
American Red Cross
selected group
and Butler 19
Burnert 1982; Chiavetta et
et al. 1976; Oswale 1977;
Motivarions to do
altruism, desire
esteem, and social press
study did not include chi
Future biomonitoring ¢
Center for Environmental
may analyze for PF
cals that will allow
analysis of the U.S. civili
A. Personal communication).

A large body
ogy data is aval
PFOS (3M Company

and Basu 1995;

lable for review regarding

(CDC) 2003}, it was not the mately 9 years (standard
to be representative 0N nine POSE-related production workers
general adult population. (Bugris et al. 2002). A 2-year feeding study of
blood donors are a self- PFOS in rats produced a modest liver tumor
U.S. population (Allen  response in the high-dose group (20 ppm
PFOS in feed) (Seacat et al. 2002a). A 2-year
al. 2000; Leibrecht  feeding study of N-EGFOSE provided compa-
Wood et al. 2001). rable findings (Thomford et al. 2002). PFOS
nate blood may include and N-EtFOSE are not genotoxic in standat

credit, low self-  tests (3M Company 2003). The mechanisms
ure. Donors in this of toxicity are not fully
Idren or the elderly. include effects on fatty acid transport and

deviation = 6)

understood but may

by the National ~ metabolism, membrane function, and/or mito-

Health ar the CDC chondrial bioenergetics (Berthiaume and
other fluorochemi- Wallace 2002; Hu et al.
for a representative sample 20023 O'Brien and Wallace 2002; Starkov and
an population (Calafar  Wallace 2002). PFOS caused modest peroxi-

2002; Luebker et al.

some proliferation in rats (Berthiaume an

of toxicology and epidemiol- Wallace 2002; Seacac et al. 2002b). Medical
surveillance of POSF production employees
2003; OECD 2002). has not been associated

with adverse clinical

Briefly, PFOS concentrates primarily in the chemistry of hematology results (Olsen et al.

liver and, to a lesser extent, in the plasma of
rats (Johnso
be significant
PFOS with bot
{Johnson et al. 198
primates su
tive dose 0
Butenhoff and
2002; Lau et al. 2003;
2002¢; Thib
al. 2002). Lowered seru

enterohepatic circulation o
4). Studies in rodents and
f PFOS (Butenhoff et al. 2002b;

Seacat et al. 2002b,

1999, 2003a). A retrospective cohort mortality
n et al. 1979). There appears 10 study of this production workforce reported an

i excess of bladder cancer based on three deaths
h urinary and fecal excretion  compared with 0.2 expected (Alexander et al.
2003). It was not determined whether this
varies with cumula- association was PFOS-related or possibly due
to other occupational exposures o nonoccupa-
Seacat 2001; Grasty et al. tional exposures. Whether this is a biologically
plausible association with PFOS is question-
odeanx et al. 2003; Thomford et able, as PFOS did not
m total cholesterol

produce bladder or

other urinary tract toxicity in rat or primate

overall donor population that was providing appeared 1o be 3 consistent early finding, with chronic or subchronic studies (Seacat et al.
blood ar the time when these donors were cumulative toxicity resulting in metabolic wast- 20022, 2002b, 2002¢c). PFOS is not likely 10
sampled. Donors were not specifically ing and ultimately death in laboratory animals  be insoluble in human urine (solubility,
informed of the Auorochemicals assayed, nor exposed to high doses. In cynomolgus mon- 305 pg/mL at 23-24°C) at the serum concen-
was there any linkage bexween the sample col-  keys, serum cholesterol levels began to decline  trations present in these workers (Ellefson
lected and personal “dentifiers. No information above 100 ppm serum PFOS concentrations 2001). In a review article, Cohen (1998)
was obtained about past exposure histories o (Seacat et al. 2002c). The serum half-life of  reported that all of the chemical agents listed as
POSF-related chemistries and materials or the climination approximated 200 days at the end  known bladder cancer agents Were genotoxic
other fluorochemicals that were analyzed. of dosing (180 days, 0.75 mglkg/day). An and had metabolites that were genotoxic Of
Unlike other biomonitoring offorts of environ-  interim analysis estimated the half-life of serum precipitated in the urine.

Table 2. Measures of central tendency of serum PFOS concantrations {ppb) by the six American Red Cross blood bank locations.

L.os Angeles Portland
(n=125) (n=107)

Minneapolis-St. Paul Charlotte Hagerstown Boston
{n=100) {n=96) (n=108) {n=109)

Range 6.6-205.0 6,0-1656.0 7.1-20710 19.3-166.0 76-226.0 <1100 (4.3-87.2
10R 29.5-53.7 17.2-31.1 239433 36.3-70.9 24.4-48.1 208-39.1
90th percentile 701 494 ni 1053 698 487
Median 422 760 na 489 3.7 295
Geometric mean 40.4 770 33 55 353 28.0

959 Cl geometric mean 37.0-44.0 73.5-31.1 29 .8-36.7 46.8-56.8 31.8-39.2 254-310

Table 3. Age- and sax-adjusted mean and 95% Cls of serum fluorochemical concentration (ppb) for the six American Red Cross blood bank locations.

E—

PFOS PFOA PFHS PFOSAA M570 TOF

Mean (95% C1) Mean [95% Cl) Mean {95% CI) Mean (85% C1) ‘Mean (95% Cl} Mean (95% C1)
Los Angeles 350 (33.4-36.5) 4.6 (4.4-4.8) 18(1.8-2.0) 20018-22) 1301.3-14) 30.2129.0-31.3)
Fortland 32.8(30.5-34.2) 4.3(4.0-4.4) 1.8(1.7-2.0 2.1(2.0-23) 1301.2-14) 28.5(26,7-30.4)
Minneapolis-St. Paul 34.831.9-36.3) 454147 1.8(1.6-2.0) 18(1.7-2.1) 13(1.1-1.4] 297 (27.4-32 A
Charlotte 39.0 (36.2-40.7) 50(46-5.1) 2.2(20-2.4) 2.1(1.9-24) 1.4(1.3-15) 334(31 3-35.7)
Hagerstown 349 (32.8-36.5) 45(4.2-4.6) 1901821 1.901.8-2.1) 1301.2-1.4) 30,1 (284-31 .8)
Boston 280 (26.0-30.3) 53(4.6-56) 19(1.7-2.3) 1.6(1.4-18) 13012415 26.4(239-28.2)
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Given the consistency of the data ana-  gain during lactation (3M Company 2003). ~ expost re, it should be noted that they are
lyzed, we hypothesize that the average serum Although rat pup weight gain was considered  based on the use of an internal dose (concen-
PEOS concentrations in nonoccupational the most sensitive end point, comparisons were wration) of compound that is not metaboli
adult populations may range from 30 to also made for other end points, For liver wxic-  and poorly € iminated. These facts reduce the
40 ppb, with 95% of a population’s serum ity, a serum PEOS concentration of 44 ppm uncertainty in considering intraspecies or inter-
PFOS concentrations below 100 ppb. After  was associated with the NOAEL (3M species response variability based on either
consideration of serum and liver PFOS con-  Company 5003; Seacat et al. 2002b). For liver toxicokinetic of roxicodynamic factors.
centrations associated with no-observed-  tumors in male and female rats, the lower 95% PFOA was the other fluorochemical
adverse-effect levels (NOAELs) and those confidence limit of the BMIC (10% response), assayed in the present study for which there are
associated with benchmark dose values from 62 ppm, was calculated (3M Company 2003). considerable toxicology and epidemiology data
various toxicology studies, protectivc values  Therefore, for these points of departure, 2 (Kennedy et al. In pn-.ss}. Sex and species dif-
[i.e., benchmark internal concentrations human serum concentration of 100 ppb (the ferences exist in the elimination of PFOA.
(BMICs)) were chosen as “points of departure”  Upper bound estimate of the 95¢h percentile PFOA is rapidly cleared (hours) in female rats
for risk characterization (3M Company 2003). observed in the present study) was Associated  compared with clearance in approximately
For serum PFOS comparisons, the lower 95%  with margins of exposure of 310, 440, and 1 week in male rats (DuPont Haskell
confidence limit of the BMIC (5% response), 620, respectively 3M Company 2003). When Laboratory 1982; Hanhijarvi and Ylinen
31 ppm, was chosen based on rat pup weight interpreting the significance of these marginsof ~ 1988; Johnson and Ober 1980). In addition

10000 Table 4. Relationship between PFOS concentration
and PFOSAA and M570 (Model 1), PFOA (Model 2),
or PFHS (Model 3) adjusted for age and sex.

Model Cosfficient 95% !

10,000

£

% -3 Model 1°
7] 0 Intercept 2323 2.167-2.481
£ & PFOSAA 054 0473-0619
E E M570 0.288 0.187-0.389
& 8 Age -0.011 -0.038-0.020
Sex 0.198 0.116-0.282

Model 2°
Intercept 2575 2.412-2.7123
PFOA -%,59‘. 0.52?0':%%5%
o 1 10 w ol 1 1 wo  hoe 010 0010-001
J Serum PFOA (ppb) Serum PFHS (pph) b 0.074 0.005-0:143
10,000 10,000 Intercept 3252 3.073-3.408
PFHS 0.267 0213-0317
Age -0.008 -0.030-0.029
Sex 0.087 0.017-0.181

4nlPFOS] = In([PFOSAAL® + (M57014) + (e % agel+(dx sanl+
g +5, where the serum concentration of the {luorochemical
is shown in brackets and ¢ is the error term. Hp(PFOS] =
\n|PFOA]" + {6 = agel + (dx sexl+ g+ & <|n{PFOS] =

In[PFHS) + (6% agel +ldx sex)+ g+ &

Serum PFOS (ppb)

Table 5. Estimates (ppb) of upper tolerance limits
and their upper 95% confidence limits for five

serum fluorochemicals and a calculated TOF value.

0.1 1 100 0.1 1 10 100
Sorum PFOSAA (ppb) Serum MSTO (ppb) 2. %Eﬁ:;:ﬁ::
100 100 Fluorochemical limit Estimate fimit
: PFOS 90% 707 743
95% 88.5 100.0
2 we 1513 2010
£ 2 PFOA 0% 94 101
2 = 95% 121 126
‘i i » 99% 198 258
: PFHS 50% 6.3 10
A £ i 95% 95 ml.a
2 2 H 99% 170 224
o s ! AT PFOSAA W% 53 59
’ ; 95% 16 85
99% 194 7756
- . M570 90% 31 40
L 1 10 100 95% 50 54
Serum M570 (ppb) Serum PFHS (ppb) 99% 8.1 103
Figure 3. Scatter plots {log scale) of associalions between serum fluprochemical concentrations for TOF gg:: ?gs.: ?3%19
{A) PFOS and PFOA, (B) PFOS and PFHS, (0) PFOS and PFOSAA, (D) PFOS and M570, (E} PFOSAA and M570, 99% 13.,,'3 18'?'5
and (A PFOA and PFHS. = Ay
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= e

to urinary excretion, biliaty excretion and reab-
sorption of PFOA occur (Johnson et al. 1984).
In the primate, the terminal phase elimination
half-life in serum for both sexes was approxi-
mately 1 month (Butenhoff et al. 2002a). An
interim analysis estimated the half-life of serum
elimination for PFOA in humans to be
approximately 4 years (standard deviation, 4)
(Burris et al. 2002). The liver is a primary tar-

get organ for toxicity. In rats, administration of

the ammonium salt of PFOA (APFO) resulted
in peroxisome proliferation, uncoupling of
mitochondrial oxidative phosphorylation,
increased mitochondrial DNA copy number,
and altered lipid metabolism (Berthiaume and
Wallace 2002; Haughom and Spydevold 1992;
Keller et al. 1992). Rats fed a diet of 300 ppm
PFOA (daily dose of 15 mg/kg/day) had
increased incidences of liver, Leydig cell, and
pancreas acinar cell adenomas (Biegel et al.
2001). The tumors likely occurred via
nongenotoxic mechanisms. Peroxisome prolif-
eration may account for the increase in liver
cumors. Enhanced hepatic aromatase activity
resulting in increased estradiol may account
for the Leydig cell umors (Biegel et al. 1995,
2001; Cook et al. 1992, 1999). The pancreas
acinar cell tumors were hypothesized to be a
result of a mild but sustained increase in
plasma cholecystokinin levels secondary to
hepatic cholestasis (Biegel et al. 2001; Obourn
et al, 1997). Changes in plasma cholecysto-
kinin have not been observed in primates of
humans exposed 10 APFO (Butenhoff et al.
2002a; Olsen et al. 2000). Hepatic toxicity,
hypolipidemia, and abnormal hormone levels
have not been associated with serum PFOA
concentrations in APFO production workers
whose serum levels have averaged 5 ppm with
a range of and 0.1-114 ppm (Gilliland and
Mandel 1996; Olsen et al. 1998, 2000). A
retrospective cohort mortality study of APFO
production workers did not reporr statistically
significant increased standardized mortality
ratios for liver cancer, cirrhosis of the liver, or
pancreas cancer, although an association was
observed with prostate cancer mortality and
nonspecific job ‘durarion of at least 10 years in
the chemical plant (Gilliland and Mandel
1993). This association with prostate cancer
mortality, however, was not observed in an
updared study that used an exposure matrix
specific to APFO production activities
(Alexander 2001).

Correction

Table 4 was accidently omitred from the orig-
inal manuscript published online and has

been added here.
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The maternal and developmental toxicities of perfluorooctane
sulfonate (PFOS, C,F,,SO, ™) were evaluated in the rat and mouse.
PFOS is an environmentally persistent compound used as a sur-
factant and occurs as a degradation product of both perfluo-
rooctane sulfonyl fluoride and substituted perfluorooctane sulfon-
amido components found in many commercial and consumer
applications. Pregnant Sprague-Dawley rats were given 1, 2, 3, 5,
or 10 mg/kg PFOS daily by gavage from gestational day (GD) 2 to
GD 20: CD-1 mice were similarly treated with 1, 5, 10, 15, and 20
mg/kg PFOS from GD 1 to GD 17. Controls received 0.5%
Tween-20 vehicle (1 ml/kg for rats and 10 ml/kg for mice). Ma-
ternal weight gain, food and water consumption, and serum chem-
istry were monitored. Rats were euthanized on GD 21 and mice on
GD 18. PFOS levels in maternal serum and in maternal and fetal
livers were determined. Maternal weight gains in both species were
suppressed by PFOS in a dose-dependent manner, likely attributed
to reduced food and water intake. Serum PFOS levels increased
with dosage, and liver levels were approximately fourfold higher
than serum. Serum thyroxine (T,) and triiodothyronine (T,) in the
PFOS-treated rat dams were significantly reduced as early as one
week after chemical exposure, although no feedback response of
thyroid-stimulating hormone (TSH) was observed. A similar pat-
tern of reduction in T, was also seen in the pregnant mice.
Maternal serum triglycerides were significantly reduced, particu-
larly in the high-dose groups, although cholesterol levels were not
affected. In the mouse dams, PFOS produced a marked enlarge-
ment of the liver at 10 mg/kg and higher dosages. In the rat
fetuses, PFOS was detected in the liver but at levels nearly half of
those in the maternal counterparts, regardless of administered
doses. In both rodent species, PFOS did not alter the numbers of

The information in this document has been lunded primarily by the U.S.
Envirommental Protection Agency. with analytical chemistry support kindly
provided by the 3M Company. It has been subjected to review by the National
Health and Environmental Effects Research Laboratory and approved for
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implantations or live fetuses at term, although small deficits in
fetal weight were noted in the rat. A host of birth defects, including
cleft palate, anasarca, ventricular septal defect, and enlargement
of the right atrium, were seen in both rats and mice, primarily in
the 10 and 20 mg/kg dosage groups, respectively. Our results
demonstrate both maternal and developmental toxicity of PFOS in
the rat and mouse.

Key Words: perfluorooctane sulfonate; maternal; prenatal; tox-
icity: rodent.

Organic fluorochemicals are compounds in which one or
more carbon-hydrogen (C-H) bond is replaced by a carbon-
fluorine (C-F) bond. These C-F bonds are one of the strongest
in nature and contribute to the unique stability of fluorochemi-
cals in the environment, even at high temperatures. In perflu-
orinated compounds, all of the C-H bonds are replaced by C-F
bonds (Kissa, 1994). When these compounds are mixed with
hydrocarbons and water, three immiscible phases are formed,
indicating that the perfluoroalkanes are both oleophobic and
hydrophobic. By adding a charged moiety (such as a sulfonic
acid) to a perfluorinated carbon chain, the chemical molecule
becomes more water soluble, resulting from the hydrophilic
nature of the added functional group. These amphoteric per-
fluorinated organic chemicals are used in commerce principally
for their surfactant properties.

Perfluorooctane sulfonate (PFOS, C,F,SO,7) is a perfluori-
nated alkane with a sulfonyl group. The intermediate precursor,
perfluorooctane sulfonyl Auoride, provides a link to products
with other functional groups, such as free acids, metal salts,
sulfonyl halides, and sulfonamides. Since the 1950s, with the
commercial scale-up of electrochemical fluorination, PFOS
and other perfluorinated orgunic compounds that metabolize
into PFOS (as an end-stage metabolite and breakdown product)
have been used in a wide variety of industrial and consumer
applications that include stain-resistant coatings for fabrics and
carpets, oil-resistant coatings for paper products approved for
food contact, fire-fighting foams, mining and oil well surfac-
tants. floor polishes, and insecticide formulations (Renner,
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2001+ Seacat et al., 2002). In all, PFOS or products degrading
to PFOS are used in over 200 products and applications.
However, 3M Company, the primary manufacturer of these
compounds and products, discontinued production at the end of
2002.

The widespread use of PFOS and its related products, as
well as the environmental stability of the perfluorinated organic
chemical. have led to documentation of its presence in both
human and wildlife populations worldwide (Giesy and Kan-
nan. 2001: Hansen et al.. 2001; Kannan e: al., 2001a.b;
2002a,b,c: Olsen et al., 2001a,b,c). Olsen er al. (1999) reported
an average serum PFOS level of 2 ppm in 3M production
workers, with 5% of them having levels = 6 ppm. Current
information from a broad survey of individual blood samples
from adult Red Cross blood donors, children (ages 2-12) from
a streptococcal A clinical trial, and a group of elderly subjects
enrolled in a longitudinal study of cognitive function indicates
that the upper bound of the 95th percentile serum concentration
is approximately 100 ppb, with a mean of approximately
30-40 ppb (Olsen et al., 2001a.b.c). Recent studies by Giesy
and coworkers (Giesy and Kannan, 2001; Kannan er al.,
2001a,b; 2002a,b,c) reported détection of PFOS in a variety of
wildlife speéies, including fresh-water and marine mammals,
fishes. birds, and shellfish. Although distribution of the chem-
ical appears to be global, including remote locations in the
Arctic and North Pacific Oceans, concentrations of PFOS in
these animals are relatively greater in the more populated and
industrial regions. These investigators also suggested that
PFOS can be biomagnified in the top levels of the food chain.

Pharmacokinetic studies have shown that PFOS is readily
absorbed. distributed, and accumulated in the serum and liver
but poorly eliminated (urinary and fecal excretion haif-life
estimated at >90 days in the rat: Johnson and Ober, 1979;
Johnson er al., 1979, 1984; Seacat er al.. 2003), In the rat, a
serum elimination half-life of 7.5 days was reported after an
oral treatment of PFOS (Johnson et «l.. 1979); in Cynomolgus
monkeys. a half-life of 200 days was described (Seacat et al.,
2002); and in humans, a mean half-life of approximately 8.7
years was recently estimated from retired production workers
(Geary Olsen, 3M, 2002, personal communication). The po-
tential mammalian toxicity of PFOS has been investigated. In
the rat. reduction of body weight, liver hyperirophy, and de-
creased serum cholesterol and triglycerides have been reported
after subchronic exposure to PFOS (Seacat et al., 2003). PFOS
has been suggested to interfere with mitochondrial bioenerget-
ics, gap junctional intercellular communication, and fatty acid-
protein binding in the liver (Berthiaume and Wallace, 2002; Hu
et al., 2002; Luebker et al., 2002a; Starkov and Wallace, 2002).
In addition. PFOS-induced hepatic peroxisome proliferation
has been indicated in both rat and mouse (Berthiaume and
Wallace, 2002; Haughom and Spydevold, 1992; Sohlenius e/
al., 1993). Seacat and coworkers (2002) have evaluated PFOS
toxicity in Cynomolgus monkeys and reported weight loss,
hepatocellular hypertrophy, and lipid vacuolation. as well as
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reductions in serum cholesterol, triiodothyronine, and estra-
diol. The potential reproductive and developmental toxicities
of PFOS have not been fully elaborated. Case er al. (2001)
examined the effects of PFOS in rabbits and noted reductions
of maternal weight gain and fetal weight at 3.75 mg/kg and
higher dosage but no significant incidence of malformation.
More recently, 3M completed a multigenerational reproduction
study with PFOS in rats (Butenhoff ez al., 2002), which did not
indicate any adverse effects on mating and fertility; however,
significant reductions of body weight and perinatal viability
were noted. ‘

In light of the prevalence and persistence of PFOS in both
humans and wildlife. this study was undertaken to provide a
comprehensive evaluation of the developmental toxicity of this
fluorochemical. This article summarizes the observations from
the pregnant dams and term fetuses, and a companion article
(Lau ef al.. 2003) will address the postnatal findings in rats and
mice.

MATERIALS AND METHODS

Chemicals

Perfluorooctane sulfonate (PFOS, potassium salt: 91% pure) was purchased
from Fluka Chemical (Steinheim, Switzerland). Our analysis indicated that
approximately 71% of the chemical was straight-chain, and the remaining 29%
was branched. Additional chromarographic analysis indicated that the chemical
obtained from Fluka appeared to be the same material produced by the 3M
Company (St Paul, MN) and tested in the earlier developmental and repro-
ductive studies by 3M.

Aunimal Treatment

Timed-pregnant Sprague-Dawley rats and CD-1 mice oblained from Charles
River Laboratories (Raieigh, NC) were bred within a 4-h period and overnight,
respectively. Those animals with spermatozoa in a vaginal smear and/or with
a copulatory plug were considered Lo be at gestational day (GD) 0: In a separate
study, mature female rats weighing 200 g were obtained from the same
supplicr. Animals were housed individually in polypropylene cages with
heat-treated pinc shavings for bedding and provided pellet chow (LabDiet
5001, PMI Nutrition International, Brentwood. MO) and tap water ad libitum.
Animal facilitics were controlled for temperature (20-24°C) and relative
humidity (40-60%). and operated under a 12-h light-dark cycle.

Rats. PFOS wus freshly prepared daily at 1,2, 3, 5. and 10 mg/ml of 0.5%
Tween-20 vehicle and administered to the pregnant dams by gavage at a
volume of | ml/kg/day from GD 2 through GD 20. Controls received vehicle
alone. Thronghout gestation and treatment, maternal body weights as well as
food and water consumption were recorded. Blood from each dam was
collected between 911 A.M. on GDs 7 and 14 from the lateral tail vein and on
GD 21 after decapitation. Aliquots of serum from these blood samples were
stored at —20°C for subsequent analysis of PFOS concentration, thyroid hor-
mones, corticosterone, prolactin, cholesterol, and lipid content. On GD 21.
both maternal and some fetal livers were removed, weighed, and immediately
frozen on dry ice and stored at -80°C for PFOS analysis. For other animals,
the gravid uterus was removed and examined, and individual live fetuses were
weighed and prepared for teratological evaluation.

In a scparate study, adull female rats were given either 3 or 5 mg/kg PFOS
daily for 20 days: controls received the Tween-20 vehicle. Blood samples were
withdrawn from tail vein at 3, 7, and 14 days after the initiation of PFOS
exposure, and trunk blood was obtained from decapitation alter 20 days of

EPA 01164



REPRODUCTIVE TOXICITY OF PFOS

chemical treatment, Serum samples were prepared and stored at —20°C for T,
T.. and thyroid-stimulating hormone (TSH) analyses.

Mice, PFOS (0.1, 0.5, 1.0, 1.5, and 2.0 mg/ml vehicle) was similarly
prepared and administered by gavage al a volume of 10 ml/kg/day from GD )
through GD 17. Maternal weight us well as food and water consumption were
monitored throughout gestation. Some mice were sacrificed on GDs 6 and 12
by CO, asphyxiation. The remaining dams were sacrificed on GD 18. Blood
was collected {rom the descending aorta, and serum samples were prepared and
analyzed for PFOS concentration as well as lipid content. On GD |8, maternal
livers from representative animals were dissected, weighed, and immediately
frozen on dry ice and stored at -80°C for PFOS analysis. For other animals, the
gravid uterus was removed and examined, and individual live fetuses were
weighed and prepared for teratological evaluation.

Teratological Evaluation

The gravid werus of the pregnant rat or mouse was removed and weighed:
the numbers and positions of the live or dead fetuses, as well as resorptions,
were recorded. Live fetuses were weighed individually. gender-determined,
and examined lor external abnormalities. Hall of the Tetuses were prepared lor
skeletal examination, and the other half were prepared for visceral evaluation.

Skeletal evaluation. Feluses were killed with an overdose of pentobarbi-
lal, eviscerated. and fixed in 95% cthanol. Specimens were subsequently
stained with Alizarin ved and Alcian blue to visvalize bone and cartilage,
respectively. Skeletal morphology was evaluated as described previously
(Narotsky and Rogers. 2000).

Visceral evaluation. Fetuscs were fixed in Bodian's solution (2% [ormal-
dehyde, 5% acetic acid. 72% cthanol, 21% water). Examination of the head.
thoracic, and ubdominal viscera were carried out using a freehand razor
dissection,

Serwm Chemisiry

Serum samples were analyzed for total cholesterol, triglycerides. sorbitol
dehydrogenase. glucose, bile acids, and total bilirubin levels using a Cobas
Fara 11 chemistry analyzer (Roche Diagnostics, Basel, Switzerland).

Rudioimniunodassays

Concentrations of serum hprmones were derived from a standard curve
encompussing u range of reference standards specific for each assay. 1F the
value of unknown fell above or below this range, it was arbitrarily assigned the
values of the highest or lowest reference standard. Internal standards from rat
sera were routinely used to monitor interassay ditferences.

T,and T\, Scrom samples were thawed and levels of wotal thyroxine (T,).
free T,. and triiodorhyronine' (T3) were measured in duplicate using specific
radivimmunoassay (RIA) kits (Diagnostics Products Corporation, Los Ange-
les, CA). Sensitivity of the total Ty assay was 5-240 ng/mi; that of the free T,
assay was 1100 pg/ml: and that of the T assay was 0.1-6 ng/ml. Because of
the surfactant properties of PFOS, a preliminary experiment was conducted o
determine whether the chemical might alter performance of the RIA directly.
PFOS (at a final cencentration of 5 or 10 mg/mly was added directly to the
assay lubes containing the T, standards and serum samples from untreated
control ruts. Under these conditions, PFOS did not interfere with the RIA
performance

TSH and prolactin.  Serum samples were thawed, and the levels of TSH
and prolactin were quantiticd by specific RIA. The TSH assay was performed
using the following materials supplicd by the National Hormone and Pituitary
Program i Torrance, CA): iodination preparation NIDDK-rTSH-1-9, reference
preparation NIDDK-rTSH-RP-3. and antiserum NIDDK-antirat TSH-RIA-G.
Similarly. the prolactin assay was performed with iodination preparation
NIDDK-rPRL-1-6, reference preparation NIDDK-rPRL-RP-3, and antiserum
NIDDK-antirat PRL-RIA-9. Todination materials were radiolubeled with ']
(Perkin Elmer/New England Nuclear, Boston, MA) by a modification of the
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chloramine-T method of Greenwood ef al. (1963). Labeled TSH or prolactin
was separated from the unreacted iodide by gel filtration chromatography, as
described previously (Goldman er al., 1986).

Serum was pipetted with the uppropriate dilutions (o a final assay volume of
500 wl with 100 mM phosphate buffer containing 1% BSA. Reference TSH
standards ranging from 0.195 to 200 ng/ml and prolactin standards ranging
from 0.39 to 100 ng/ml were prepared by serial dilution. Primary antiserum
(200 ) at a dilution of 1:437,500 prepared in a mixture of 100 mM potassium
phosphate, 76.8 mM EDTA, 1% BSA, and 3% normal rabbit serum was then
pipetied to each assay tube, vortexed, and incubated at 4°C for 24 h: 100 pl of
either '*I-TSH or "*I-prolactin was then added to each tube. vortexed, and
incubated for another 24 h. Second antibody (goat antirabbit gamma globulin
[Calbiochem, San Diego. CA] at a dilution of 1 U/100 ul) was then added,
vortexed, and incubated for a third 24 h. The samples were then centrifuged at
1,260 X g for 30 min: the supernatant was aspirated, and the sample tube with
pellet was counted in a gamma counter,

Corticosterone. Serum samples were thawed and levels of corticosterone
were measured in duplicate using an RIA kit (ICN Biomedical Inc.. Costa
Mesa. CA). Sensitivily of the assay was 25-1000 ng/ml.

Determination of PFOS Concentrations

Serum samples were diluted and liver samples were homogenized in five
volumes ol reagent-grade water. An aliquot of each dilution was spiked with
the appropriate internal standards. Acetonitrile (5 ml) was added as an extrac-
tion solvent, which also served to precipitate the proteins. The samples were
shaken at 300 rpm for 20 min and centrifuged at 850 X g lor [0 min. The
supernatant was transferred to a clean tube, diluted with 40 mi of water, and
passed through a preconditioned C18 SPE cartridge. PFOS was cluted from the
SPE cartridge with 2 ml methanol and analyzed by high-performance liquid

Rat Maternal Body Weight Gain
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FIG. 1. Effects of PIFOS on weight gain in pregnant rats, Each data point
represents meun * SE of determination from 25-50 rats. Two-way ANOVA
indicates a significant treatment effect (p < 0.0001) and a time X treatment
interaction (p < 0.0001). Duncan’s multiple-range test indicates that, with the
exceplion of the | mg/kg group, all dose groups are significanily diffcrent [rom
controls. When individual PFOS dose groups are compared with controls.
ANOVA indicates a significant treatment effect (p < 0.0001) for dose groups
at 2 mg/kg and higher. Dunnett’s r-test indicates significant variations from
controls for the 10 mg/kg dose group beginning at GD 4. the 5 mg/kg dose
group at GD 5, the 3 mg/kg dose group al GD 7. and the 2 mg/kg dose group
from GDs 12 to 17.
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FIG. 2. Effects of PFOS on food and water consumption in pregnant rats. Each data point represents mean = S.E. of determination from 9-20 rats, with

the exception of the 1 and 10 mg/kg dose groups, where n = 5. Two-way ANQVA indicates a significant treatment etfect (p < 0.0001) and a time X treatment
interaction (p < 0.05) for food consumption. Duncan’s multiple-range test indicates that only the 5 and 10 mg/kg dosage groups are significantly different from
controls. When individual treatment groups are compared with controls, ANOVA indicates a significant dose ceffect (p < 0.0001) for the 5 and 10 mg/kg dosc
aroups, Dunnell’s f-test indicates signiticant variations from controls for the 5 mg/kg dose group from GDs 9 through 16 and for the 10 mg/kg dose group from
GD 9 1o term. Two-way ANOVA indicates a significant treatment effect (p < 0.05) and a time X treatment interaction (p < 0.0001) for water consumption.
Doncan’s multiple-range test indicates that only the 10 mg/kg dose group is significantly different from control values, When individual treatment groups are
compared with controls. ANOVA indicaies a significant main effect (p < 0.05) for the 3 and 10 mg/kg dose groups. Dunnett’s r-test indicates sighificant
variations at the (.05 level from control values for the 5 mg/ke dose group on GD 6 and for the 10 ma/ke dose group from GDs 6 1o 13.

chromatography-electrospray tandem mass spectrometry (HPLC-ES/MS/MS)
according (o the method described by Hansen et of. (2001).

Dara Analvsis

Data are presented as means and standard errors. Statistical signilicance
was determined by ANOVA, using individual litter as the statistical unit.
Maternal weight gains and food and water consumption were analyzed by
ANOVA with repealed measure. When a significant treatment effect or
interaction was detected, Duncan’s multiple-range test or Dunnett's t-test
were performed post hoc. Statistically significant differences were deter-
mined at p = 0.05,

The U.S. Environmental Protection Agency (EPA) now uses the benchmark
dose (BMD) approach (Barnes ef al., 1995; Crump. 1984) for noncancer risk
assessment (EPA, [995). This approach is designed to provide a more quan-
titutive allemative to dose-response assessment than the no-observed-adverse-
effect-level (NOAEL) process by constructing mathematical models to fit all
data points in the dose-response study and to take data variance into consid-
eration. In this study, BMD; and BMDLs values were calculated For maternal
and developmental toxicity after PFOS exposure. BMDy refers to the centrul
estimate of the administered dose predicled (o cause a 5% increase in response
above buckground. and BMDL is delined us the corresponding lower limit of
the 95% confidence interval on the BMD (Allen er ul.. 1994). Benchmark Dose
Software (EPA. 2000) was used (o caleulate the, BMD; values. Selection of o
specific curve-litting model for the BMD determination wus hased on the
Akuike’s Information Criterion (AIC) value. The AIC is equal to -2L + 2p.
where 7 is the log-likelihood at the maximum likelihood estimates for the
parumeters, and p is the number of model paruneters estimated. The maodel

that demonstrates “goodness of fit”™ with the lowest AIC value is presumed o
be the most appropriale,

RESULTS

Rat

PFOS reduced maternal weight gain in a dose-dependent
manner, significantly in the 2 mg/kg and higher dosage groups
(Fig. 1). Dams exposed to 3 mg/kg PFOS showed significant
weight deficits (p < 0.0001) by GD 7, whereas those exposed
to 5 and 10 mg/kg PFOS revealed significant lags (p < 0.0001)
by GDs 5 and 3, respectively. Effects on maternal weight at the
two highest dosage groups were particularly profound. Dams
in the 10 mg/kg dosage group failed to gain any weight until
the last week of pregnancy. These weight gain deficits corre-
sponded to significant reductions in food and water consump-
tion throughout gestation (Fig. 2).

With the 20-day exposure scheme, PFOS did not affect
maternal liver weight in rats (Table 1), but liver/body weight
ratio was increased in the 10 mg/kg dosage group, most likely
reflecting the marked body weight deficit in these animals.
Negligible levels of PFOS were detected in the sera and livers
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TABLE 1
Rat Maternal Liver Weight, Serum Chemistry, and Hormones at Term (A); Rat Reproductive Outcome and Fetal Teratology,
Examined at Term (B)

PFOS Exposure level

Control | mg/kg 2 mg/kg 3 mg/kg 5 mg/kg 10 mp/kg
A. Malternal examinations (N) 14 14 9 9 14 16
Liver wt (g) 147 £ 0.6° 16.1 £0.5° 15.0 £ 04" 147 = 0.5° 15.1 £ 0.5" 14.8 + 0.5"
Relative liver wt (%) 50 0.4 52017 5.1 x0.1" 5.0x0.1" 5302 6.0 £0.1"
Serum chemistry (N) 12 12 9 9 14 12
Cholesterol (mg/dh 90.6 £ 52" 98.7 + 6.3 92.7 + 4.6" 98.0 = 5.1° 88.5 = 3.1 77.5 £ 4.0
Triglycerides (mg/dD S0 £ 447 522 + 54 443 + 38" 42] * 64 477 = 34 337 £ 44
Sorbitol dehydrogenase (units/l) 159+ 2.1° 13.1 224" 16.1 £ 1.2¢ 16,5 + 20" 143 = 2.6° 145+ 34"
Serum hormones (V) 3 5 — — 5 S
Corticosterone (ng/ml) 141 £ 22 147 + 37 — —_ 102 = 6" 188 = 31"
Prolactin (ng/ml) 1.54 = 0.06" 1.27 = 0.36" — — 0.95 = 0.15" 1.71 = 039"
B. Fetal examinalions (N) 13 14 9 8 14 15
Implantation sites (# per dam) 147 £ 0.5 157 £ 0.8 14.3 £ 0.6" 13.8 = .07 14.8 £ 0.5 152 04"
Live fetuses (%) 96.9 = 1.3" 927+ 2.1" 97.8 + 1.5" 88.6 = 85" 96.3 * 1.6“ 86.6 * 6.0"
Body wt (g) 3.87 £ 0.07" 3.85 = 0.05" 3.74 £ 0.06" 3.86 * 0.05" 3.73 £ 0.08" 338 £ 0.09"
Liver wr (g) 0.29 = 0.01" 0.32 £ 0.01" 0.31 £ 0.01" 0.30 = 0.01" 0.28 £ 0,027 0.28 = 0.02"
Relative liver wt (%) 7.56 £ 0.24° 8.14 + 0.24" 8.32 + 0.16" 7.94 + 034" 7.55 £ 0.28° 797 + 0.22°
Nolable skeletal defects (N) 13 1 9 7 14 15
Cleft palate (%) 0* 9x9 14 = 14¢ 10 = 107 0" 60 = 13"
Sternal defects (# per fetus)* 1.2 £0.3" 1.7 £ 03" 2.1 £ 0.3" 2.6 £ 02" 2.1 02 34 £ 04
Qssified proximal phalanges
(# per forelimb) 1.8 = 0.4 1.9 + 0.4 2.5+ 06" 2.0 = 03" 0.8 £0.2 1.0 £ 0.4™
(# per hindlimb) 2.1 05" 2,5 £ 0.5 3.9 % 01" 3203 1.9 = 0.5 1.6 = 04"
Notable visceral defects (N) 13 6 9 8 14 15
Anasarca (%) 0" 0" 0’ 18.1 x9.1" 16.6 = 7.9 43 £ 117"
Linlarged right atriom (%) 0“ 23+23" 83+ 83" 0 229 = 74" 8.7 £ 3.5
Ventricular septal defects (%) 0" 0 0" 0" 129 *6.1" 14.6 + 5.2¢

Note. (A) Data represent means * SE of dams examined as indicated, (B) Data represent means £ S.E. of numbers of litlers examined as indicated. Significant
differences (p < 0.05) were determined by Duncan’s multiple-range test and are depicted by different letters (*, " and ‘); thus. groups sharing the same letter

are not signiticantly different from each other.
#Sternal defects induced by PFOS were primarily bilobed und bipartite.

of the controls (Fig. 3); the source of this slight contamination
may have been derived from fish meal in the chow (Seacat ef
al., 2003). With daily chemical treatment, the serum concen-
trations of PFOS increased monotonically in proportion to
dosage: however, the level of all dosage groups fell toward the
end of pregnancy. At term, PFOS concentration as well as the
total hepatic burden also increased linearly with PFOS dosage.
When these data were expressed as ppm, the liver samples
were found to contain approximately four times higher con-
centrations of PFOS, compared with the corresponding serum
samples. Fetal liver weight was not influenced by PFOS expo-
sure (Table 1). An accumulation of PFOS that was proportional
to the treatment dosage was also detected in the fetal liver (Fig.
3); based on concentration, fetal livers appeared to contain
approximately half as much PFOS as their maternal counter-
parts.

Analysis of the serum chemistry of pregnant rats at term re-
vealed that PFOS caused a significant reduction in circulating
cholesterol and triglycerides only in the 10 mg/kg dosage group

(Table 1). Sorbitol dehydrogenase, glucose, bile acid, and biliru-
bin levels were not altered by PFOS treatment (data not shown).
In contrast, PFOS produced a marked reduction in both total and
free serum T, in all dosage groups as early as GD 7 (Fig. 4) and
in serum T, 10 a lesser extent, as well. However, no difference in
serum TSH was observed among the treatment groups. An addi-
tional study was conducted with adult female (nonpregnant) rats
in which the animals were exposed to PFOS (3 or 5 mg/kg) for 20
days. Similar to findings in pregnant rats, serum T, (both total and
free) and T, levels in the nonpregnant rats were markedly reduced
by the chemical treatment (as early as 3 days after the initiation of
exposure) (Fig. 5). The pattern of TSH response is somewhat
confounding and appears to be dose dependent. For the 3 mg/kg
dosage group, a significant elevation (47%) of serum TSH was
detected after 7 days of PFOS treatment. This hormonal increase
was maintained for another week, although it was no longer
statistically different from controls. After 20 days of chemical
treatment, the alteration of TSH was completely attenuated. In
contrast, the serum TSH levels in the 5 mg/kg dosage group were
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slightly lower than controls at the initial stages of PFOS exposure
(by 26% and 21%, respectively, atter 3 and 7 days); these changes
were also abolished after 20 days of treatment. By comparison,
PFOS did not alter serum corticosterone or prolactin levels ap-
preciably in the pregnant rats at term (Table 1).

In utero exposure to PFOS throughout gestation did not
produce adverse effects on the number of live fetuses or
postimplantation loss in the treated dams (Table 1). However,
a significant reduction of fetal weight was apparent in the 10
mg/kg group. Gross and skeletal examinations revealed a sig-
nificant increase in the incidence of cleft palate, defective
sternebrae, anasarca, enlarged right atrium, and ventricular
septal defects, primarily in the fetuses exposed to the highest
level of PFOS (Table [).

Mouse

PFOS-induced deficits in maternal weight gain were not as
pronounced in the mouse as in the rat. Statistically significant

PFOS Dosage (mg/kg)

PFOS Dosage {mg/kg)

differences in body weight gain were observed only in the 20
mg/kg dosage group at late gestation (Fig. 6). Likewise, food
and water consumption were less affected by the chemical
exposure (Fig. 7). In contrast, PFOS treatment increased ma-
ternal liver weight in a dose-dependent fashion; indeed, in the
highest dosage group (20 mg/kg), the livers almost doubled
their weight, compared with those in controls (Table 2). Serum
PFOS concentrations in the mouse were comparable with those
found in the rat (Fig. 8); for the 10 mg/kg dosage group, the
mean (£ SE) maternal rat serum at term was 190 = 7 pg/ml,
and the maternal mouse serum at term was 179 = 35 ug/ml.
Additionally, serum PFOS in the mouse appeared to reach a
saturated concentration at 250 pg/ml. A similar pattern of
PFOS accumulation and saturation was seen in the maternal
mouse liver, Indeed, in the 10 mg/kg dosage group, the rat
maternal liver PFOS concentration was 710 = 44 ug/g, and
that for the mouse liver was 560 * 52 ug/g.

As observed in the rat, maternal serum triglycerides were
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FIG. 4. Effects of PFOS on circulat-
ing thyroid hormones in pregnant rats.
Each data point represents mean = SE of

duplicate determination from 9-14 rats.
Two-way ANOVA indicates significant
effects on time and treatment, and
time X treatment interaction for serum
total and free T, levels (p < 0.0001) and
for serum T, levels (¢ < 0.002). Dun-
can’s multiple-range test indicates that
all doses are signiticantly different from
control values at all time points evaluated
for T.: whercas” significant dilferences
from controls are detected in 10 mg/kg
group on GD 7, in 3, 5, and 10 myg/kg
aronps on GD 14, and all doses groups on
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also significantly lowered by PFOS in the mouse in a dose-
dependent manner (Table 2), although neither serum choles-
terol nor sorbitol dehydrogenase was significantly altered. As
seen in the rat, a rapid decline of serum thyroxine was noted in
the mouse during pregnancy (Fig. 9). However, the adverse
effect of PFOS on thyroid hormones was less pronounced in
the mouse than in the rat. Serum T, levels were reduced by the
chemical treatment in a dose-dependent manner by GD 6, but
hormone levels in the PFOS-exposed mice were no longer
different from controls during the last week of pregnancy
(Fig. 9).

Exposure of pregnant mice to PFOS throughout gestation
did not alter the number of implantation sites: however, a
significant increase in postimplantation loss was seen in the 20
mg/kg dosage group (Table 2). Small but significant reductions
of fetal weight were detectable in the 10 and 15 mg/kg dosage
groups. In addition, fetal liver weights (absolute and relative)
were significantly elevated at 20 mg/kg. Fetal examination
revealed cleft palate, defective sternebrae, enlargement of the

Geslational Age (days)

ANOVA indicales a significant effect of
time (p <0 0.0001) but not of weatment,
and no interaction.

10 15 20 25

right atrium, and ventricular septal defects, but primarily in the
higher dosage groups (15 and 20 mg/kg) (Table 2).

DISCUSSION

Consistent with recent findings with Cynomolgus monkeys
(Seacat ef al., 2002), accumulated body burdens of PFOS in
pregnant rodents were found to be directly proportional to
exposure levels in this study. At term, the correlation coeffi-
cients (r’) between administered dosage and PFOS levels in the
rat were 0.980 for serum and 0.964 for liver. In the mouse,
saturation kinetic was apparent between 15 and 20 mg/kg;
hence. for dosages below 15 mg/kg, the #* between treatment
dosages and PFOS levels was 0.993 for serum and 0.989 for
liver. The existence of such linear relationships across these
three species and a wide dose range (0.03 mg/kg/day for
monkey to 15 mg/kg/day for mouse) lends support to similar
crude extrapolations for other species and exposure levels,
PFOS was preferentially accumulated in the liver: the ratio of

EPA 01169



376

Total Serum Thyroxine

THIBODEAUX ET AL.

Free Serum Thyroxine

60 30
50 26 -
40 20 -
S z 4
G 30 S 15
< Q
] % h
10 g 5 hmﬂ_,(g
F1G. 5. Effects of PFOS on circulat-
ing thyroid hormones in adult female 0 ; . . o . . . =
nonpregnunt rats. Each data point repre- 0 [ 10 15 20 25 0 5 10 18 20
sents mean = SE of duplicate delgrllli— Treatment Length (days) Trealment Length (days)
nation from 6 -8 rats. Two-way ANOVA
indicutes a significant treatment ellect
<2 0.001) and a time X treatment in- h . : . .
(g 2 H-INKing AR gIRainEnt Serum Triiodothyronine Serum Thyroid Stimulating Hormone
teraction (p < 0.02) for wotal Tio a sig-
nificant treatment effect (p < 0.001) but 14 4
no interaction for free T, and a signifi-
cant treatment clfect (p <2 0.005) and a 12 4
limie X treatment interaction (p < L.003) 2]
for T.. When individual PFOS dose 1.0 4
groups are compared with  controls,
ANQOVA indicates 4 significant treatment z 08 - E
effect (p < 0.0001) for both 3 and 5 S S 2
mg/kg dose groups. Yor TSH. (wo-way S 06 4 N Y
ANOVA indicates u significant treatment
f < 0.004 teraction: 04 -
effect ({) < 0:004) but no |'nlerdctmn. 1 -—(‘:‘m
Duncan’s multiple-range test indicates a O— 3 mlkg PFOS |
significant difference between the 3 0.2 4 —y— 5mgikg PFOS I
ma’/kg dose group and controls and be-
tween the 3 mg/kg and 5 mg/kg dose 0.0 T y v v 0 T T g
ween the 3 ngiks BRE 0 5 10 15 20 o 5 10 15 20

groups but not between the 5 mg/kg dose
eroup and controls

serum to liver concentration was approximately 1:4 in both
rodent species, regardless of the administered dosages and
comparable with the reported values for rat (at approximately
135, Seacat e! ul., 2003) and monkey (at approximately 1:2,
Seacal ef al.. 2002). These data are consistent with the previous
observation of enterohepatic circulation of PFOS (Johnson e/
al., 1984). PFOS levels in the fetal liver were nearly half of
those in the maternal counterparts, regardless of administered
dose. Although the PFOS levels in fetal circulation were not
measured in this study, data from a postnatal evaluation of
PFOS toxicity described in the companion article (Lau et al.,
2003) indicate that serum concentrations of the fluorochemical
in the newborns were comparable to those in maternal circu-
lation. Thus, the lower accumulation of hepatic PFOS in the
fetuses would likely suggest a reduced capacity of chemical
uptake/storage in the liver or immaturity of the enterohepatic
circulation. However, it must be cautioned that the pharmaco-
kinetic properties of PFOS, particularly during pregnancy, are
complex and have not yet been characterized. For instance, the
decline of serum PFOS levels in the rat at term (Fig. 3) most

Treatment Length (days)

Treatmenl Length (days)

likely reflects a marked expansion of maternal blood volume
that is characteristic of the late term of pregnancy (Barron,
1987, Tam and Chan, 1977). Hence, an accurate profile of
PFOS disposition, particularly during pregnancy, must await
the construction of a detailed pharmacokinetic model for the
fluorochemical.

Maternal toxicity of PFOS. indicated by deficits in weight
gain during pregnancy. was observed in both rat and mouse. In
both rodents. the severity of the adverse effects was dose-
dependent: at term, a BMD; for maternal weight reduction is
estimated at 0.22 mg/kg and a BMDL; at 0.15 mg/kg for the
rat, and a BMDs of 15.2 mg/kg and a BMDL; of 3.1 mg/kg are
determined for the mouse (polynomial model). In the rat, the
lag in weight gain during pregnancy was particularly pro-
nounced in the two highest dosage groups (5 and 10 mg/kg),
which exhibited marked reductions of food and water intake.
The PFOS-induced reductions of maternal weight gain in the
rat and mouse seen here are comparable to similar alterations
produced by the fluorochemical in the rabbit or by N-alkyl
perfluorooctanesulfonamido ethy! alcohol in the rat and rabbit
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FIG. 6. Effects of PFOS on body weight gain in pregnant mice. Each data
point represents mean * SE of determination from 60-80 mice. Two-way
ANOVA indicates a significant treatment effect (p << 0.0001) and a time X
reatment interaction (p < 0.02). Duncan’s multiple-range test indicates that
the 10 and 20 mg/kg dose groups vary significantly from control values and
from each other.

(Case er al., 2001), indicating that the adverse effect on ma-
ternal weight gain may be a common feature of toxicity for the
perfluorochemicals. Liver enlargement with associated histo-
logical abnormalities is another feature often seen after expo-
sure to PFOS and related compounds (Case et al, 2001;
Haughom and Spydevold. 1992: lkeda e al., 1987; Seacat e/
al., 2002; 2003; Sohlenius ef al.. 1993). A somewhat similar
finding was obtained in our studies. An increase of liver weight
is generally observed in rodents during pregnancy (by about
24% in rat, Buelke-Sam et al., 1982; and 56% in mouse,
observation in our laboratory, data not shown). Above and
beyond this physiological change, significant elevations of

371

hepatic weight were found in the PFOS-exposed mice. and
increases in the high-dose groups were as much as twofold
over the corresponding controls. Serum triglycerides in these
mice were significantly reduced. Interestingly, a comparable
PFOS-induced liver enlargement was absent in the pregnant
rat; the small increase in the relative liver weight in the 10
mg/kg dosage group largely reflected the reduction of body
weight, rather than a net increase of liver weight. Serum
cholesterol and triglycerides in the rat were also not altered
appreciably by PFOS exposure. An explanation for these dis-
parate findings (compared to the results reported by Seacat et
al., 2003, for instance) is not readily available and may be
attributed to the relatively short duration of PFOS exposure (20
days) in our study (compared to 14 weeks in the Seacat study).
Nonetheless, the high sensitivity to PFOS-induced liver toxic-
ity in the mouse should be noted, with a BMD; and a BMDL;
of liver weight increase estimated at 2.61 mg/kg and 1.31
mg/kg (Hill model), respectively.

Seacat and co-workers (2002) reported reductions of serum
T, and elevations of TSH in monkeys after exposure to PFOS
for 182 days. In this study, PFOS produced a much more
marked reduction of both T, and T, in pregnant rats and at a
much earlier onset. For the T, effects at GD 7, a BMDj; at 0.23
mg/kg and a BMDL; at 0.05 mg/kg (Hill model) are estimated.
Interestingly, the accumulated serum PFOS level where thy-
roid imbalance was detected in the monkey (171 ppm) is
comparable to that in the pregnant rat (53—155 ppm). Yet in
rats. despite these deficits in circulating hormones, a feedback
elevation of TSH through activation of the hypothalamic-
pituitary-thyroid (HPT) axis was not apparent. Because the
level of serum T, (and to a lesser extent, T,) falls and that of
TSH rises during pregnancy (Versloot et al., 1994; Figure 4 in
this study), these physiological changes might have masked the
true effects of PFOS. However, the T; and T, results from the
study with nonpregnant female rats by and large substantiated
the findings in pregnant dams, discounting potential confound-
ing effects of pregnancy. The dose-dependent. paradoxical
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TABLE 2
Mouse Maternal Liver Weight and Serum Chemistry at Term (A), and Mouse Reproductive Outcome and Fetal Teratology,
Examined at Term (B)

PFOS Exposure level

Control | mg/kg 5 mg/kg 10 mg/kg 15 mg/kg 20 mg/kg
A. Maternal examinations (N) 20 27 29 24 26 25
Liver wt (g) ! 2.19 = 0.08" 2.46 = 0.10™ 278 * 0.08" 3.86 = 0.0 461 =0.17" 425 x0.21"
Relative liver wt (%) 7.42 = 0.24" 7.36 £ 0.20" 9.05 = 0.28" 12.25 = 0.19° 14,45 = 0.34" 15.51 = 0.26"
Serum chemistry () 19 19 20 21 9 5
Cholesterul (mg/d) 68.9 * 4.9 69.7 = 6.2"" 83.3 £ 6.0 R3.1 = 54" 78.0 + 5.8 58.4 + 10.2"
Triglycerides (mg/di 284 = 18" 220  21°° 196 = 18" 162 = 11" 191 + 19" 19 = (8
Sorbitol dehydrogenase (units/1) 203 = 31° 235+ 36" 223+ 4.8 235 = 4.3 20.7 = 31" 233 %617
B. Fetal examinations (V) 19 26 12 24 18 11
Implantation sites (# per dam) 123209 13.7 = 1.1° .= 10" 127 0.8 124 £ 147 129 = 0.6"
Live fetuses (%) 97.9 + 1.0" 96.6 £ 1.1° 91.9 * 3.4 96.0 + 0.9* 95.3 * 1.0" 89.1 £ 5.5
Body wt (g) 1.05 * 0.03" 1.05 = 0.01° 1.05 + 0.04" 0.97 = 0.01™ 0.94 + 0.02" 1.03 + 0.02"
Liver wt (mg) 77 £ 2" 67 = 4" 88 + 57 76 = 2% 79 % 3 9] = 31
Relative liver wt (%) 7.13 £ 0.20° 6.26 = 0.39" 7.93 * 0.20" 7.99 = 0.18" 7.95 +0.16" < 907 2007
Notable skeletal defects (N) 8 3 4 9 11 6
Clett palate (%) 0" 0" 0* 1.8 = 1.8 211 £ 83" 732 1L
Sternal defects (# per fetus)* 05 02" 1.0 £ 0.3 2.1 £ 0.4 2.1 0.2 2.6 £ 02" 33+ 07
Notable visceral defects (N) 9 5 3 8 12 8
Enlarged right atrium (%) 0" 0" 0" 258 78" 25=x72 345 92"
Ventricular septal defects (%) 1.9+ 19" 0" Q" 54+27" 49+ 33" 30.0 = 15.6

Note. (A) Data represent means * SE of dams examined as indicated. (B) Data represent meuns + SE of litters examined as indicated. Significant differences
(p < 0.05) were determined by Duncan’s multiple-range test and are depicted by different letters (. ke ¢ and ) thus. groups sharing the same letter are not

significantly ditferent from each other.
*Sternal defects induced by PFOS were primarily bilobed and bipartite.

responses of serum TSH in the nonpregnant rats are intriguing.
The near-identical response patterns between total and free T,
rule out the potential involvement of the hormone binding
proteins. Although feedback increases of the pituitary hormone
in the 3 mg/kg dosage group were relatively small (27-50%},
compared with the two- to threefold increase induced by pro-

Maternal Serum PFOS at Term

pylthiouracil (Cooper ef al.. 1983), these changes nonetheless
indicate the integrity of the HPT axis. The recovery of TSH
after a transient response. despite the persistent reductions of
serum T, and T,, suggests that the homeostatic balance of
thyroid hormone economy may have been reset. These findings
resemble those previously reported with long-term chemical

Maternal Liver PFOS at Term
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FIG. 8. Concentrations of PFOS in mouse materal serum and liver at terin. Each data point or bar represents mean = SE of determination from six mice.
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Mouse Maternal Total Serum Thyroxine
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FI1G. 9. Effects of PFOS on circulating total T, levels in pregnant mice,

Two-way ANOVA indicates a significant effect of lime (p <2 0.0001) and a
time X treatment interaction (p << 0.005). Dunnett’s r-test demonstrates that
the T, level associated with the 20 mg/kg dose group is significantly different
at the 0.05 Tevel from the control value on GD 6.

disruption of the thyroid axis (Biegel et al., 1995). The absence
of serum TSH elevation (through the HPT feedback mecha-
nism) in the 5 mg/kg dosage group is perplexing. In fact, the
TSH levels of these rats were slightly depressed in the initial
stage of PFOS exposure. These results point toward a more
complex. dose-dependent effect of the fluorochemical that is
not yet fully understood.

Pregnant mice exhibited a pattern of PFOS-induced T, re-
ductions similar to that seen in the pregnant rat, with a BMDx
of 0.51 mg/kg and a BMDL; of 0.35 mg/kg estimated at GD 6
(linear model). This profile of thyroid hormone imbalance
(reductions of T, and T, without & compensatory elevation of
TSH) produced by PFOS, though puzzling, is not unique.
Chemically induced decreases of serum T, and T, without
significant feedback increase of TSH have been reported with
polychlorinated biphenyls (PCBs) (Goldey e al., 1995; Liu et
al., 1995). The mechanism(s) underlying the thyroidal effects
of PFOS remains to be elaborated. Similar patterns of alter-
ations between total and free T, rule out involvement of
hormone binding proteins. Alternatively, the hepatotoxicity of
PFOS presents a prime possibility. Altered thyroid hormone
metabolism through induction of hepatic enzymes has been
described with chemicals such as phenobarbital, pregnenolone-
16ae-carbonitrile. 3-methyicholanthrane, PCB, and brominated
diphenyl ethers (Byrne er al., 1987: Liu et al., 1995; Zhou el
al., 2002). Regardless, the thyroid hormone deficits produced’
by PFOS during pregnancy are of potential concern, particu-
larly if the feedback mechanism via the HPT axis is compro-
mised. Thyroid hormones play a critical role in the normal
development of the lung, inner ears, and nervous system (par-
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ticularly CNS). and they regulate growth, metabolic rate, car-
diac performance, and body temperature (Lucas et al., 1988,
Glinoer, 2001). During in utero development, the embryo and
fetus rely completely on maternal supplies of thyroid hormones
through placental transfer until maturation of the fetal thyroid
gland toward late gestation. Perinatal hypothyroidism has been
shown to cause retardation of neurodevelopment and stunted
growth (Porterfield, 1993), and recent epidemiological findings
indicate that even subtle changes of the thyroid economy
(subclinical hypothyroidism) during maturation may have
long-lasting effects on the development of intellectual and
motor skills (Haddow et al., 1999). Decreased availability of
maternal T, to the developing brain poses an increased risk of
poor neuropsychological development, and a direct relation-
ship between the degree of neonatal hypothyroxinemia and
subsequent neurodevelopment has been established (Morreale
de Escobar ef al.. 2000).

In view of the profound deficits in maternal weight gain in
PFOS-exposed rats. it was surprising to find little adverse
effect on the viability of the fetuses at term. In fact, only small
decrements of fetal weight were noted. Similar results were
obtained with the mouse, even at higher exposures. On the
other hand, anasarca, craniofacial malformation (cleft palate),
cardiac defects (ventricular septal defects, enlargement of the
right atrium), and delayed ossification (sternebrae, phalanges)
were detected in the PFOS-exposed fetuses. A BMDj; for the
sternal defects is estimated at 0.31 mg/kg. with a BMDL; at
0.12 mg/kg (logistic model); and a BMD; for cleft palate at
8.85 mg/kg, with a BMDL; at 3.33 mg/kg (logistic model). The
enlarged right atrium may be associated with complications of
pulmonary function. The mouse essentially produced an iden-
tical teratological profile. For comparison, BMD; and BMDL
for the sternal defects in the mouse are estimated at 0.06 mg/kg
and 0.02 mg/kg, respectively (logistic model); those for cleft
palate are 7.03 mg/kg and 3.53 mg/kg, respectively (NCTR
model). These results are in agreement with previous terato-
logical findings with lithium perfluorooctane sulfonate and
N-ethylpcrﬁuordoctanesu]fonamido ethyl alcohol in the rat
(Case et al., 2001; Henwood et al., 1994) and PFOS in the

TABLE 3
Species Comparison of the Benchmark Doses for Various
Parameters of PFOS Maternal and Developmental Toxicity

Rat Mousc

BMD; BMDL« BMD¢ BMDL;

(mg/kg) (mg/kg) (ing/kg) (mg/kg)
Maternal body wt at terim 0.224 0.150 15.15 314
Malernal serum total T,

(Rat GD 7: mouse GD 6) 0.234 0.046 0.513 0.352
Maternal liver wi at term — - 2,61 1.31
Fetal sternal defects 0.313 0.122 0.055 0.016
Feuwl cleft palate .85 3.33 7.03 353
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rabbit (Case ef al., 2001). Nonetheless, it should be noted that
a preponderance of these structural abnormalities was found in
the highest PFOS dosage group (10 mg/kg for the rat and 20
mg/kg in the mouse). Although a significant reduction of
weight gain and food consumption was noted in this group of
pregnant rats, malnutrition is not likely the sole factor account-
ing for the induction of birth defects. Indeed. equivalent or
higher incidence of malformations was seen in the mouse
fetuses, yet the deficits of weight gain and food consumption in
the mouse dams were much less extensive than those of the rat.

Previous studies have shown that PFOS can interfere with
cholesterol synthesis through inhibition of HMG CoA reduc-
tase activity (Haughom and Spydevold, 1992). Because cho-
lesterol is known to play a role in development through the
molecular signaling of sonic hedgehog (Brewer el al., 1993),
alterations of this metabolic precursor may be involved in the
mechanism of dysmorphogenesis (Fitzky er al., 2001). Yet in
this study, maternal serum cholesterol was not significantly
lowered by PFOS treatment in either rodent species. Indeed,
results from a preliminary study (Luebker et al., 2002b) indi-
cated that cholesterol or mevalonic acid supplement failed to
ameliorate PFOS-induced developmental toxicity in the rat.
Alternatively, altered thyroid status in the dam may raise
concerns regarding developmental toxicity. Thyroid hormone
effects on cell proliferation and differentiation, as well as on
organ growth and maturation, have been well documented. On
the other hand. changes of these parameters are often subtle
(for instance. at a functional rather than morphological level)
and not easily discernible by standard teratological assessment.
Hence. evaluations for potential developmental toxicity of
PFOS have been extended to postnatal examination, and the
results are described in a companion article (Lau er al., 2003).

In summary, exposure to PFOS during pregnancy led to
significant physiological alterations in the rat and mouse that
are indicative of maternal toxicity. as well as to anatomical
defects observed in the fetuses at term at high dosages. These
adverse outcomes are dose-dependent and can be correlated
with body burden of the fiuorochemical. Generally, the mouse
appeared to be a less sensitive species than the rat in regard to
the PFOS-induced toxicity. A species comparison of the
benchmark doses for various parameters is provided in Table 3.
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ABSTRACT

3M manufactures products which contain chemical compounds, either as intentional components
or residual impurities, that have as a parent molecule, perfluorooctane sulfonyl fluoride (POSF).
These compounds may be expected to transform metabolically, to an undetermined degree, to
PFOS as an end-stage metabolite. Other compounds manufactured by 3M include ammonium
perfluorooctanoate (PFOA) and perfluorohexane sulfonic acid (PFHS). These molecules enter a

number of product applications (e.g., surfactants, food packaging additives, polymers).

The biological elimination rates of fluorochemicals have been studieﬁ in rats, pregnant rats,
female rabbits and hamsters. Biological half-lives have been calculated from the studies in rats
and dogs. In addition, the half-life of serum total organic fluorine in a fluorochemical worker
was estimated using serial collections of serum total organic fluorine. These studies reveal that
PFOS and PFOA may persist in the body for prolonged periods, and with continuing exposure,
accumulate over time in biological systems. To date, the actual elimination half-life of
perfluorooctane sulfonate (PFOS), ammonium perfluorooctanoate (PFOA), perfluorohexane
sulfoﬁl:c acid (PFHS), and total organic fluorine (TOF) in human serum is not completely
understood. The objectives of this study are to quantitate the elimination half life in human
serum of PFOA, PFOS, PFHS, and TOF. These half -lives will be calculated from declines in

serum fluorochemical levels in 3M Decatur Chemical Plant Retirees.
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INTRODUCTION

3M manufactures products which contain chemical compounds, either as intentional components
or residual impurities, that have as a parent molecule, perfluorooctane sulfonyl fluoride (POSF).
These chemicals include: perfluorooctane sulfonate (PFOS), N-ethyl
perﬂuoroocta;lesulfonamide. N-ethyl perfluorooctanesulfonamido ethanol, N-methyl
perfluorooctanesulfonamido ethanol and chemicals derived from it, and the mixture of mono-, di-
and tri [N-ethyl perfluorooctane sulfonamidoethyl] phosphates. There may be other precursors in
the workplace, including perﬂuorohexanesulfonyl fluoride (PHSF). These molecules enter a
number of product applications (e.g., surfactants, food packaging additives, polymers). These
compounds may be expected to transform metabolically, to an undetermined degree, to PFOS
(and PFHS) as an end-stage metabolite. Potassium perfluorooctane sulfonate (CgF 170S0,K*) is

itself, a surfactant used as a wetting and foaming agent in industrial and commercial processes.

(Olsen, et al., 1998)

Subchronic studies in rats and primates suggest there may be a potential for camulative toxicity
with PFOS over time with the primary effect related to metabolic wasting. . These molecules have
long elimination half lives in biological systems. Although the mechanism of toxicity is not fully
understood, toxicity may be due to an effect on peroxisome proliferation, fatty acid metabolism,

membrane function, protein synthesis and/or mitochondrial bioenergetics. (Olsen, et al., 1998)

The biological elimination rates of fluorochemicals have been studied in rats, pregnant rats,
female rabbits and hamsters. Biological half-lives have been calculated from the studies in rats

and dogs. In addition, the half-life of serum total organic fluorine in a fluorochemical worker
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was estimated using serial collections of serum total organic fluorine. These studies reveal that
PFOS and PFOA may persist in the body for prolonged periods, and with continuing exposure,
accumulate over time in biological systems. To date, the actual elimination half-life of
perfluorooctane sulfonate (PFQOS), ammonium perfluorooctanoate (PFOA), perfluorohexane
sulfonic acid (PFHS), and total organic fluorine (TOF) in human serum is not completely

understood.

The objectives of this study are to quantitate the elimination half life in human serum of PFOA,
PFOS, PFHS, and TOF; these half lives will be calculated from declines in serum fluorochemical
levels in 3M Decatur Chemical Plant Retirees. This information is necessary in order to: 1) plan
the most appropriate periodicity of medical surveillance and 2) guide medical decision making of -
workers from fluorochemical production facilities when those workers’ serum fluorochemical

levels are determined to be unsafely elevated. A benefit of this research will be to understand the - -

natural history of fluorochemical excretion.

LITERATURE REVIEW

AMMONIUM PERFLUOROOCTANOATE (PFOA or FC-143)

Excretion rates of PFOA have been observed in rats, and found to be different by gender and
route of excretion. Following single i.v. doses of YC-FC-143 (carbonyl carbon labeled) in rats,
Johnson et al, found that females excreted virtually all the administered '*C within 1 day.
Urinary excretion for males was about 50% of the dose by day 6 and 83% by day 36. Fecal '4C

excretion for females was 1.5% by 3 days and for males was 5.4% by 36 days. (Johnson, et al.,
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1980) Rapid urinary excretion of '*C following oral doses of "“C-FC- 143 was also shown to

occur in pregnant rats. (Johnson, et al., 1983)

Excretion rates.vary by species studied. Excretion of radiolabeled PFOA was studied in four
species by Dupont in 1988. Excretion as a percentage of administered dose 120 hours after
dosing was in the following order; female rat, male and female rabbit and male hamster (>99%);
female hamster (60%); male rat (39%); male and female mice (21%). (Dupont, 1988) Of note,

the administered dose and routes of exposure and excretion were not specified in this study

report.

Rats and dogs respond to pharmacologic interventions that change PFOA excretion rate. In male
rats administered single i.v. doses of “C-FC-143 (carbonyl carbon labeled) cholestyramine (4%
w/w in feed) increased cumulative 15 day fecal '*C-excretion 9.8-fold versus controls. . Total }*C -
excretion (feces plus urine) was also enhanced, although less dramatically (84.3% of dose vs.
71.8% for controls). (Johnson, et al., 1980a; Johnson JD, et al., 1984) There is no difference
between the renal clearances of '“C in male and female dogs either before or after probenecid.
Probenecid significantly reduces PFOA clearance in dogs. Glomerular filtration rates of PEOA

were similar in rats and dogs. (Hanhijarvi, et al., 1988)

Elimination half-life has been calculated under numerous conditions in rats and dogs. The results
show the same differential elimination rate in rats by gender (i.e., female > male), as well as half-
life differences by route of exposure and species. Following a single oral dose of '‘C-FC-143

(carbonyl carbon labeled) in male rats, the plasma half-life was 4.8 days. (Johnson, et al., 1979)
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In female rats administered oral or i.v. doses of C-FC-143 (carbonyl carbon labeled), over 90%
of the administered dose was recovered in the urine within the first 12 hours. The whole body
elimination half-life of PFOA in male and female rats was 15 days and less than one day,
respectively, following a single 4-mg/kg intraperineal dose. (Vanden Heuval, et al., 1991)
(Johnson, et al., 1983; Johnson, et al., 1980) The half-life of PFOA in the liver was 60 hours for
females and 210 hours for male rats. (Ylinen, et al., 1990) The decreased excretion rate (i.e.,
increased elimination half-life) in males is seen across at least two species: rats (as above) and

dogs. The plasma half-life of PFOA was longer in male dogs (473 to 541 hours) than in females

(202 to 305 hours). (Hanhijarvi, et al., 1988) .

The elimination half-life appears to be similar in male rats exposed to either inhalational or
dermal exposure. Following repeated inhalation exposures to FC-143 over a two-week period,
blood organic fluoride levels in male rats showed a half-life of five to seven days, (Kennedy, et -

al., 1986) A blood half-life of five to seven days was seen following repeated dermal exposures

in male rats. (Kennedy, 1985)

A calculation of the elimination half-life of an organic fluorine species has been reported in the
human. The half-life of total .serum organic fluorine in a fluorochemical worker who was
removed from further exposure was greater than 18 months. This worker had a blood organic
fluorine level of 40 parts per million over the period of one year. The worker's organic fluorine
level rose to 70 parts per million for no apparent reason. The worker was then removed from the
fluorochemical production area and his blood and urine samples were periodically checked for

organic fluorine and PFOA over an 18-month period. A total of 18 months transpired before the
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worker's blood organic fluorine level had returned to its base line of 40 parts per million. (Ubei,
et al. 1980) Other estimates of serum fluorochemical half-lives have been calculated in the one
thousand day range. ¥ Tl;is anecdotal account does not actually track the serum PFOA level,
but rather the §erum total organic fluorine (TOF) level. It was found through empirical means

that 90% of the blood organic fluorine existed as PFOA. (Ubel, et al. 1980)

PERFLUOROOCTANE SULFONIC ACID (PFOS or FC-95)
Perfluorooctane sulfonic acid appears to persist in biological systems, being excreted more
slowly than PFOA. Single i.v. doses (mean 4.2 mg/kg) of "*C-FC-95 and 0.9% NACL were
administered to male rats. By 89 days after dosing, 30.2% of the administered **C had been

excreted in the urine and 12.6% had been excreted in the feces. (Johnson, et al., 1979)

Pharmacologic interventions do appear to increase the excretory rate of PFOS. Fecal and total - -
excretion of C were markedly increased in male rats administered Cholestyramine (about 2.7
- gm/kg per day) and their diet following single i.v. doses of *C-FC-95. The results suggest that

- there was significant enterohepatic circulation of FC-95. (J ohnson, et al., 1980a; Johnvson, et al.,

1984)

Much less is known concemning elimination half-life of PFOS than PFOA; only one calculation
of the elimination half-life of PFOS has been attempted. The plasma elimination half-life of '4C
following single oral administration of '*C-FC-95 (mean dose 4.2 mg/kg) to male rats was 7.5

days. (Johnson, et al. 1979a)

000984

EPA 01183




3M Company
Page 8 of 19

b Mandel, J. Personal communication.
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RESEARCH METHODS

The overall research design is prospective in nature, obtaining multiple serial blood samples from
retirees throughout the course of a five-year period. We will track the decline in several serum
ﬂuorochemiczlil levels in humans. The health outcomes that will be documented in this study are
the half-life d;aterminations of serum ammonium perfluorooctanoate (PFOA), perfluorooctane

sulfonic acid (PFOS), perfluorohexane sulfonic acid (PFHS), and serum total organic fluorine

(TOF).

High-performance liquid chromatography mass spectrometry/mass spectrometry will be utilized
to analyze all serum samples. The accuracy and reliability of this device will be the state of the

art at the time of analysis. Periodically, split samples from one or two subjects will be utilized to . .

assess reliability of the analysis.

Only individuals who have retired from 3M Decatur chemical plant from the 1st of January 1995
through the 1st of January 1998, will be included in the study. Using information received from
the Human Resources Department of 3M Decatur, 34 individuals were identified to have retired
during this time period. Of the 34 individuals identified, 7 have previously been enrolled in the
fluorochemical medical surveillance program. Four of these individuals participated in the
medical surveillance program in 1994 but not 1997; 3 individuals participated in 1997 only. We
will attempt to enroll all 34 retirees into the study. Future retirees will not be enrolled.

Serum fluorochemical levels will be drawn every six months. All serum fluorochemical levels

will be drawn within a one-month time frame (i.e., within one month of March and September).
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Retirees will be recruited to the study through first, an introductory letter and second, a phone
conversation from the principle investigator or his designee. Subsequent to the follow-up
telephone conversation and if the retiree is willing to enter the study, a written informed consent
form (Appendix A) and a medical questionnaire (Appendix B) will be sent to the retiree for his
review. Oncelthe retiree signs the consent form, completes the questionnaire, and returns the
documents to the principle investigator, he will be entered into the study and scheduled for blood

collection. Participation in the study is voluntary and retirees may drop out at any time.

~ Blood collection will be scheduled biannually, in April and October (to not conflict with Holiday

and summer vacation travel). Letters announcing blood collection dates and times will be sent

out to each study subject one month prior to each blood collection month. Retirees will update

their medical questionnaire at each blood collection. All blood collections will be performed

under the supervision of the 3M Decatur plant nurse, Cathy Simpson, RN. Two red-topped tubes - - .-
will be obtained from each retiree; the 3M Occupational Medicine Service methodology for

handling and shipping of fluorochemical blood samples will be applied to ‘all blood samples.

Samples will be analyzed by the 3M Environmental Laboratory or its designated contract

laboratory. Retirees will receive written reports of their serum fluorochemical levels following

each blood collection cycle.

Two methods of calculating the serum fluorochemical half life will be utilized. In the first

method, a one compartment model will be assumed and the formula

g: = qo (0.5)"*

000987

EPA 01186




3M Company
Page 11 of 19

will be utilized to estimate the half life of elimination for PFOS, PFOA, PFHS, and TOF. The

‘terms q; and ¢, refer to the serum concentrations at time ¢ and time 0, ¢ is the elapsed time; ¢y is

what we seek to solve.

The second method will be used to verify the first. It also assumes a one compartment model.
Each retiree’s fluorochemical levels will be graphed on a log-linear scale as serum
fluorochemical vs. elapsed time from # (in months) and entered into a database. Statistical

analysis will be performed to determine the best-fit model that describes the slope of the log-

linear line. (Appendix C)

The slope of the log-linear line is related to the elimination constant (-k,;) through the equation

Slope = -k,(2.303)

Once the elimination constant is calculated, the half life can be calculated using the relationship

ty, = 0.693/k,,

E]imination half lives for TOF, PFOS, PFHS, and PFOA will be determined. (Benez, et al. 1985,

Medinsky, et al. 1996.)

DISCUSSION

There are a number of limitations associated with the study, including:

1. The lack of pre-study serum fluorochemical levels in the majority of retirees, making it
impossible to develop baseline levels for the majority of the study group. The 0 values will

therefore need to be their first fluorochemical level post-retirement.
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2. Previous studies have performed serum total organic fluorine levels and not serum testing
specific for serum PFOS or PFOA; comparability with previous‘ work is thereby
compromised.

3. Retirees on medications such as colestipol or cholestyramine, which can artificially increase

the rate of elimination of fluorochemicals from the blood will artificially increase the
eliminaiion in unpredictable ways, thereby causing an underestimation of the elimination half
life in the entire study population.

4. Retirees may unknowingly have medical conditions that will decrease their toxicant
elimination rate unpredictably (e.g., renal failure, congestive heart failure, cholelithiasis, etc.),
thereby causing an inaccurate estimation of the elimination half life in the entire study
population.

For these reasons, the study will occur over the protracted period of five years instead of a shorter

time period (i.e., three years). As the only human data plotting total organic fluorine suggest  :

plasma elimination half-life of 18 months, a three year study would allow for verification of that
estimate since three years would be equal to two half-lives. A five-year study, therefore, should
include over three half-lives of elimination, and make it possible to use severai years’ data to

calculate the elimination half life.

The overall results collected in this study may be used in publications or in public presentations.
Retiree names or other individual data will not be revealed in any publication or other
documentations intended for public examination. Individual results will be communicated only
to the retiree. Individual results will be considered confidential information and will not be

disclosed to anyone outside of the 3M Medical Department without the retiree's written consent.
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Quality assurance will be performed per the guidelines set forth in the standard operating

procedure for the creation, review, and approval of 3M epidemiology study protocols.

Archiving of study materials, upon completion of the study, will be performed per the standard

operating procedure for the creation, auditing, review and approval of 3M epidemiology final

reports.

The study will be communicated to the retirees, management, and the technical community.
Communications to the retirees will be in the form of a letter, which states the retiree's various
blood fluorochemical levels. These letters will be sent out following each blood draw.
Communication to management will be in the form of a written document which will undergo -
the review process as set forth in the standard operating procedure for the creation, auditing,
review and approval of 3M epidemiology final reports. The communication to the technical

community will be in the form of a scientific paper, which will be submitted to a relevant peer

reviewed scientific publication.
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Appendix A

CONSENT FORM FOR COLLECTION OF BLOOD FOR SERUM
FLUOROCHEMICAL LEVEL HALF-LIFE DETERMINATION

INTRODUCTION

You and your colleagues were involved in fluorochemical production at 3M Decatur prior to
your retirement. You are invited to participate in a research study being conducted by 3M
Occupational Medicine Services regarding fluorochemicals. Your participation would involve
donating one red-topped test tube of blood approximately every six months for the next five
years. Your blood will only be tested for the amount and kind of fluorochemicals it contains; it
will not be used to test for any other substances or disease. Please review this consent form
carefully and be sure your questions are answered before you make a decision to participate. The
plant nurse will be available to provide you with additional information at the time of your
medical surveillance blood donation.

PURPOSE OF STUDY
The purpose of the study is to determine how much and what types of fluorochemicals are

eliminated from the human body over time.

STUDY PROCEDURES
Your blood will be drawn with one needle stick and require two test tubes. This will occur about

every six months for the next five years. A letter will be sent to you in advance informing you of
the proper date, time, and place to report to for blood collection.

POTENTIAL RISKS/BENEFITS
The only discomfort you may feel is from the needle stick. You may also have some temporary
redness/bruising/swelling in this area after blood collection.’

BENEFITS

There will be no direct benefit from your participation in this study. However, the information
gained from this study will further help us understand human exposures to fluorochemicals.
Your individual results as well as the overall results will be communicated to you only. Your
individual results will be considered confidential information and will not be disclosed to anyone

outside the 3M Medical Department without your written consent.

COMPENSATION

If you suffer injury or a medical condition that appears to be the result of participating in this
study, you will be referred to another health care professional at no cost to you. In the event of a
research related injury, compensation will be determined on a case by case basis by 3M.
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CONFIDENTIALITY

The overall results collected in this study may be used in publications or public presentation.
Your name will not be revealed in any publication or other documents intended for publication
examination. Your individual results will be communicated to you only. Your individual results
will be considered confidential information and will not be disclosed to anyone outside the 3M
Medical Department without your written consent.

SUBJECT RIGHTS/AVAILABILITY OF INFORMATION

If you have any questions about the study now, or later, or in the event of a research related injury
or emergency, contact Dr. Jeffrey Mandel (651-733-8670) or Jean Burris, R.N. (651-737-7867).
For answers to questions about your rights in regard to this research, you may contact Dr. Larry
Zobel, Chair, 3M Institutional Review Board at 651-733-5181.

VOLUNTARY PARTICIPATION AND WITHDRAWAL

Participation in this study is voluntary. Refusal to participate will involve no penalty of loss of
benefits to which you are otherwise entitled. You are free to withdraw from the study at any time
for any reason. The investigator may stop your participation in this study should it be determined
that continued participation may be detrimental to your health. Following each semi-annual
blood collection, you will receive a check for $50.00 as compensation for your time and effort.

SUBJECT CONSENT
By signing the consent form, I certify that I am at least 18 years old. I confirm that I have read

this consent form, and that I have been given adequate opportunity to ask any questions I may
have about this consent form or the study. I also confirm that I understand the scope of my
participation in this study, and that all of my questions have been answered to my satisfaction. I-
am signing this consent form voluntarily, and I desire to participate in the study. I understand -
that I will receive a copy of this signed consent form. I understand that I will receive a check for
$50.00 immediately following each semi-annual collection of my blood.

Signature Date

Printed Name

Witness
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Appendix B

MEDICAL HISTORY QUESTIONNAIRE

Please list the names of the ALL the medications you take at least once a day.

Please circle the conditions you now suffer from or have suffered from in the last three years.

Kidney Failure

Gall Bladder Disease
Hepatitis/Jaundice
Congestive Heart Failure
Liver Disease

Inflammatory Bowel Disease
Crohn’s Disease

Pernicious Anemia
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Example of a log-linear plot that will be used to estimate the serum fluorochemical elimination

half life in Decatur retirees.

0 s o .

Slope = -kp2.303
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Ammonium perfluorooctanoate (APFO) is a processing aid in the
production of Auoropolymers that has been shown to have a long half-life
in human blood. To understand the potential toxicological response of
primates, groups of male cynomolgus monkeys were given daily po
(capsule) doses of either 0, 3, 10, or 30 (reduced to 20) mg/kg/day for 26
weeks. Two monkeys from each of the control and 10 mg/kg/day dose
groups were observed for 90 days after the last dose. Clinical observa-
tions, clinical chemistry, determination of key hormones, gross and mi-
croscopic pathology, cell proliferation, peroxisomal proliferation, bile-
acid determination, and serum and liver perfluorooctanoate (PFOA)
concentrations were monitored. Toxicity, including weight loss and re-
duced food consumption, was noted early in the study at the 30 mg/kg/
day dose; therefore, the dose was reduced to 20 mg/kg/day. The same
signs of toxicity developed in 3 monkeys at 20 mg/kg/day, after which
treatment of these monkeys was discontinued. One 30720 mg/kg/day
monkey developed the signs of toxicity noted above and a possible
dosing injury, and this monkey was sacrificed in extremis on Day 29. A
3 mg/kg/day dose-group monkey was sacrificed in extremis on Day 137
for reasons not clearly related to APFO treatment. Dose-dependent
increases in liver weight as a result of mitochondrial proliferation
occurred in all APFO-treated groups. Histopathologic evidence of liver
injury was not observed at either 3 or 10 mg/kg/day. Evidence of liver
damage was seen in the monkey sacrificed in moribund condition at
the highest dose. Body weights were decreased at 30/20 mg/kg. PFOA
concentrations in serum and liver were highly variable, were not lin-
early proportional to dose, and cleared to background levels within 90
days after the last dose. A no observable effect level was not established
in this study, and the low dose of 3 mg/kg/day was considered the lowest
observable effect level based on increased liver weight and uncertainty as
to the etiology leading to the moribund sacrifice of one low-dose monkey
on Day 137, Other than those noted above, there were no APFO-related
macroscopic or microscopic changes, changes in clinical chemistry,
hormones, or urinalysis, or hematological effects. In particular, effects
that have been associated with the development of pancreatic and tes-
ticular toxicity in rats were not observed in this study.

Key Words: ammonium perfluorooctanoate; repeated-dose tox-
icity: cynomolgus monkey; health effects; hepatotoxicity; APFO.

' To whom correspondence should be addressed at 3M Medical Departinent,
Corporate Toxicology. 3M Center 220-2E-02, St. Paul. MN 55144, Fax: (651)
733-1773. L-mail: jlbutenhoffi@mmm.com,

Ammonium perfluorooctanoate (APFO:; C,F;COO™NH,.,
C.A.S. Registry number 3825-26-1) has been used as a pro-
cessing aid in the production of fluoropolymers. Perfluo-
rooctanoate (PFOA; C,F,COO7), the dissociation product of
APFO, has been identified in blood samples from exposed
workers and the general population (Belisle, 1981; Guy et al.,
1976: Hansen ef al., 2001; Olsen er al., 1998, 2000; Ubel et al..
1980).

Extensive research into the potential health risk of exposure
to APFO was initiated in the late 1970s. Medical monitoring of
employees involved in APFO production began in 1976, by
measuring serum levels of organic fluorine and performing
medical assessments (Ubel et al., 1980). Since the early 1990s,
serum concentrations of PFOA have been measured (Olsen er
al., 1998, 2000). Eighty percent of the workers had serum
PFOA levels less than 6 ppm. Average serum concentrations
have been approximately 2 ppm and individual values have
ranged from undetectable to 114 ppm.

The potential association of APFO exposure with health
effects in fluorochemical production workers has been studied
in mortality and clinical studies. No excess cause-specific
mortality has been associated with APFO exposure in this
workforce (Alexander, unpublished report), and clinical indi-
cations of liver and hormonal function, including estradiol,
testosterone, and cholecystokinin (CCK), have been normal
(Olsen et al., 1998, 2000).

APFO, once dissociated to form PFOA, is not metabolized
further (Kuslikis er al., 1992; Vanden Heuvel et al, 1991).
There are dramatic sex and species differences in elimination
of PFOA (DuPont Haskell Laboratories, 1982: Johnson and
Ober, 1980). In male rats, the elimination half-life is approx-
imately | week. as opposed to female rats, which clear APFO
rapidly with an eclimination half-life close to | h. Recently
developed data from an iv toxicokinetic study in male and
female cynomolgus monkeys suggests that the terminal phase
elimination half-lives in both sexes of the cynomolgus monkey
are approximately 1 month (Butenhoff et al, in preparation).
PFOA has been demonstrated to have a long serum elimination
half-life in workers (Ubel er al., 1980). which based on recent
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monitoring of retired fluorochemical workers, may be on the
order of several years. In addition to urinary excretion, biliary
excretion and reabsorption of PFOA are significant, as evi-
denced by the fact that whole-body elimination was signifi-
cantly enhanced by cholestyramine administration in APFO-
treated male rats (Johnson ef al., 1984).

Past dictary studies in rats and mice have demonstrated that
the primary target organ for APFO-induced toxicity is the liver
(Biegel et al., 2001; Griffith and Long, 1980; Kennedy, 1987,
Pastoor ef al., 1987). The hepatotoxicity manifests as incrcased
liver weights, hepatocellular hypertrophy. liver degeneration,
increases in plasma ALT and AST. necrosis of the liver,
proliferation of smooth cndoplasmic reticulum and peroxi-
somes, and hypolipidemia (Haughom and Spydevold, 1992:
Intrasuksri ef al., 1998; Kawashima er af., 1995; Pastoor et al.,
1987; Permadi er al., 1992, 1993). Many of these effects were
demonstrated to be reversible when animals were provided
with a recovery period. Deaths and weight loss also occurred in
these studies, with 100% mortality occurring in both mice and
rats at a dictary dose of 3000 ppm.

It is interesting to note that the only previous primate repeat-
dose study did not identify the liver as a target organ (Griffith
and Long, 1980). In this study, groups of two male and two
female rhesus monkeys were treated with APFO by gastric
intubation over a 90-day period at dose levels of either 0, 3, 30,
or 100 mg/kg. There were no reported effects at 3 mg/kg/day.
All monkeys in the 100 mg/kg/day dose group died prior to
scheduled sacrifice. One male and both females died at 30
mg/kg prior to scheduled sacrifice, and males and females
experienced reductions in body weight at 30 and 100 mg/kg.

APFO is included among several members of a structurally
diverse group of compounds that induce peroxisome prolifer-
ation and tumors in rat liver. as well as cxtrahepatic tumors of
the pancreas (acinar cells) and/or testis (Leydig cells; Biegel ef
al.. 2001: Cook ef al., 1999; Maloney and Waxman, 1999,
Reddy and Rao. 1977; Riker Pharmaceuticals, 1987). In a
chronic mechanistic dietary study, APFO produced this triad of
tumors in rats but was considerably less potent than the model
peroxisome proliferator, WY-14,643 (Biegel er al, 2001).
Liver tumors produced by peroxisome proliferating com-
pounds may derive from the increased oxidative stress and cell
proliferation that accompanies an increasc in peroxisoines.
However, the Leydig cell and pancrcatic acinar cell tumors
appear to result from mechanisms other than peroxisome pro-
liferation. Specifically, it is currently thought that Leydig cell
tumors in rats associated with peroxisome proliferators may
result from the hyperplastic effect of sustained increases in
estradiol as a result of induction of aromatase (Biegel et al.,
1995. 2001: Cook et al, 1992; Liu er al, 1996a,b). The
mechanism for the production of pancreatic acinar cell hyper-
plasia and tumor formation by certain peroxisome proliferating
compounds in rats is less clear. In vitro and in vivo experiments
with WY-14,643 suggest that these exocrine pancreas tumors
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may be the result of a mild, sustained increase in CCK due to
cholestasis (Obourn er al., 1997).

The occurrence of the triad of hepatocellular, pancreatic
acinar cell, and Leydig cell tumors associated with peroxisome
proliferation is likely to be species specific. The phenomenon
of peroxisome proliferation is not uniform across all species.
While rats and mice are particularly sensitive to this phenom-
enon, guinea pigs, cats, dogs, and primates (including humans),
are predominantly nonresponsive (Cattley ef al., 1999; Kurata
et al., 1998; Pugh et al., 2000). A number of compounds that
produce Leydig cell tumors in rats fail to do so in mice (Clegg
et al., 1997; Cook et al.,'1999). There are differences between
species in the expression and localization of cholecystokinin
receptors that may influence the possible production of pan-
creatic tumors (Bourassa ef al.. 1999; Holicky et al., 2001).

The study reported here tested the hypothesis that the male
cynomolgus monkey, as a representative primate, does not
respond to the effects on the liver, pancreas. and testes that
have been associated with APFO and other peroxisome prolif-
erating compounds in the male rat. The specific aims of this
study, in addition to observing descriptive toxicity endpoints,
were to assess the effect of chronic (26-week) APFO treatment
on biological markers associated with the hepatic, pancreatic,
and testicular responses seen in the rat with APFO and other
peroxisome proliferating compounds. These biological mark-
ers included measurement of acyl CoA oxidase activity, repli-
cative DNA synthesis, hormone levels including estradiol and
CCK., as well as indications of cholestasis including bilirubin,
alkaline phosphatase, and bile acid detenmination. A three-
month recovery phase was added to observe for delayed effects
and reversibility of effects. The design of this study. which also
included assessment of PFOA concentrations in serum and
liver by modern methods of analysis, incorporated significant
enhancements over the monkey rhesus study (Griffith and
Long, 1980).

MATERIALS AND METHODS

Animals and husbandry. Male cynomolgus monkeys were obtained from
Covance Rescarch Products Inc. (Denver, PA) in August 1998, The mean age
of the monkeys, as estimated by dentition, was 6 * 1 (SD) years and ranged
from 3 to 9 years, The monkeys weighed 3.2 to 4.5 kg at initiation ol treatinent.
Monkeys were acclimated for 35 days at Covance Laboratories in Madison.
Wisconsin before initiation of treatment. Each monkey was assigned a perma-
nent number upon arrival and identified with a collar tag. The monkeys were
housed individually in suspended stainless-steel cages. The animal room was
environmentally controlled to maintain 18 to 29°C, a relative humidity of 30
to 70%, and a 12-h light/dark cycle.

Cerlified primate diet (#8726C, Harlan Teklad) was provided once or twice
daily along with a variety of fresh and dried fruits as well as various break fast
cereals. Water was provided ad /ibitum. Samples of the water were analyzed
for specific microorganisms and contaminants. During the study, several
monkeys cxperiencing low food consumption in the high-dose group were
offered supplements to rehydrate the monkeys and stimulate food consump-
tion.

Monkeys were assigned to treatment groups using a computerized blocking
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procedure designed to achieve body weight balance within each treatiment
group.

Marerials, dose preparation, and freatment.  Ammonium  perfiuo-
rooctanoate (APFQ, lot 332) was provided by 3M (St. Paul, MN: purity
95.2%). Dose levels described here have not been adjusted for purity. Impu-
rities that could contribute to toxicity included perfluorohexanoate (0.73%) and
perfluorohepatanoate (3.76%). Gelatin capsules (Torpac, Inc., Fairfield, NJ,
Size No. 2. Lot No. 122932) containing the appropriate dose of APFO were
used for dose administration. Control monkeys received empty gelatin cap-
sules, Capsules were prepared at least weekly. Individual daily doses were
calculated based on the most recently recorded body weights. The dose
preparalions were stored at room temperature. Since the APFO was added
directly to capsules as supplied without the use of a vehicle. no dose analysis
was necessary.

Dose levels were 0 (control group, n = 6), 3 mg/kg (low-dose group, n =
4). 10 mg/kg (mid-dose group, n = 6), and 30, later reduced to 20 (30/20)
mg/kg on Day 22 (high-dose group, n = 6). The capsules were administered
orally once a day, 7 days per week, for at least 26 weeks (182 days) except as
noted below, One monkey in the low-dose group needed to be replaced for
nontreatment-related issues. The replacement monkey (Monkey 5721) re-
ceived his initial dose on Day 7. High-dose inonkeys were initiated on 30
mg’kg: however. due (o toxicity. dosing was discontinued from day 12 through
21 and recommenced on Day 22 at 20 me/kg. Also due (o toxicily, dose
administration wa$ discontinued for three high-dose monkeys on Day 43
(Monkey 3711). Day 66 (Monkey 3722), and Day 81 (Monkey 5703). Two
monkeys in cach of the control and mid-dose groups were designaled as
recovery group monkeys and were observed for reversibility, persistence, or
delayed occurrence of toxic effects for 13 weeks after the 26-week treatiment
period.

Clinical observations. The monkeys were observed twice daily for general
health, behavior. and qualitative food consumption. Ophthalmic examinations
were conducted on each monkey before treatment and at week 27. Recovery
monkeys also were given ophthalmic exams at week 40. Body weights were
recorded weekly before initiation of treatment, on the day before initiation of
treatment for dose calculation, on the first day of treatment, and weekly
thereafter.

Clinical pathology. A clinical laboratory evaluation was conducted before
initiation of treatment, on Days 31. 63, 91, and 182 of treatment and during
recovery on Days 217. 245, and 275, At each sampling time, blood and urine
samples were collected from monkeys thal had been fasted overnight. Urine
was collected overnight on wel ice before blood sampling; water was provided
ad Tibitum. Blood was collected from the femoral vein. Sodium citrate was
used as the anticoagulant for coagulation tests, and potassium EDTA was the
anticoagulant used for hematology tests. Blood was collected from monkeys
with unscheduled sacrifices. Otherwise, monkeys with scheduled collections
were bled in random order.

Hemalological parameters (blood cell counts [erythrocytes, leukocytes, and
platelets]. hemoglobin concentration, hemarocrit, mean corpuscular volume,
mean corpusculat hemoglobin, and mean corpuscular hemoglobin concentra-
tion) were measured or calculated using an Abbott Celi-Dyn 3500 hematology
analyzer. as were dilferential cell counts ol segmented neutrophils, lympho-
cyles, cosinophils, and basophils. Blood cell morphology and reticulocyle
counts were obtained using a Miller Disk microscopy technigue. Bone marrow
smears were prepared at euthanization. Coagulation paramerers measured were
prothrombin time. activated partial thrombuoplastin time (nephelometry), and
fibrinogen

Clinical chemical analytes were measured on a Hitachi® Model 704,911
Chemistry Analyzer using the Roche Diagnostics, Hitachi® 704,911 Operator
Reference Manual. Method Application. These clinical chemistry measure-
ments included glucose (enzymatic/glucose-hexokinase), urea nitrogen (kinetic
enzymatic urease/GGLDH), creatinine (kinetic—--modified Jafte), total prolein
(biuret), albumin (bromcresol green). globulin (calculated-—Ltotal protein minus
albumin), total bilirubin (photometric determination of azobilirubin complex
after coupling with diazotized sulfanilic acid), cholesterol (kinetic enzymatic
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without extraction using Trinder reaction), triglycerides (kinetic enzymatic
wilhout blank), aspartate aminotransferase (kinetic-—NADH consumption with
oxaloacetate), alanine aminotransferase (kinetic—NADH consumption with
pyruvate), alkaline phosphatase (kinetic using p-nitrophenyl-phosphate), gamima-
glutamyl translerase (kinetic using glutamyl-p-nitroanilide). sorbito! dehydro-
genase (D-fructose NADH UV), creatine kinase (kinetic using N-acetyl cys-
teine), calcium (cresolphthalein complexing), inorganic phosphorus (UV-—
phosphomolybdate), sodium (ion-selective electrode-~indirect), potassium
(ion-selective clectrode—indirect). chloride (ion-selective electrode—indi-
rect), total bile acids (enzymatic), amylase (enzymatic), lipase (enzymatic),
and pancreatic-specific amylase (enzymatic).

Urine was analyzed lor color, clarity, volume (approximatcly 16 h over-
night). specific gravity, pH, protein, glucose, ketones, bilirubin, blood, urobi-
linogen, microscopic examination of sediment, and general appearance. Calor
and clarity were determined by observation. Volume was determined to the
nearest ml in a gradualed cylinder. Specific gravity was determined on an
AO/TS refractometer (temperature compensated) using one large drop of urine.
Measurement of pH, protein, glucose, ketones. bilirubin, blood, and urobilino-
gen was accomplished colorimetrically with Multistix® strips. After color,
clarity, volume, specific gravity, and Multistix determinations. the urine was
centrifuged, the supernatant poured off. and a drop of sediment placed on a
glass slide. The slide was scanned under low power light microscopy [or
crystals and casts and then under high power to count other sediment constit-
uents.

Determination of hormones. Blood was collected from the femoral vein
of nonfasted monkeys 18. 8, and 4 days prior to initiation of trcatment (Study
Days -18, -8, and —4) and on Days 35, 66, 94, and 183 of treatment. Blood
collection from recovery monkeys occurred on Study Days 220. 248, and 276
after initiation of treatment. Blood samples were split into serum and plasma
samples for further analysis for various hormones. Plasma samples were
analyzed for cholecystokinin and testosterone (with the exception of recovery
monkeys in which case serum samples were used for testosterone). Serum was
analyzed for estradiol, estrone, estriol, thyroid stimulating hormone, total and
tree triiodothyronine. and total and fice thyroxine.

Serum levels of corlisol. testosterone, estradiol. estrone, estriol, free and
tota! triiodothyronine (FT, and TT,) and free and total thyroxine (FT,and TTy)
were measured at Anilytics, Inc., Gaithersburg, MD, using radioimmunoassay
methods under Anilytics, Inc. standard operating procedures. ICN Pharmaceu-
ticals radioimmunoassay (RIA) kits were used for determinination of cortisol.
Lestosterone, estradiol, and estrone. Total estriol was measured using a Coat-
A-Count Total Estriol kit (Diagnostic Products Corporation, Los Angeles.
CA). Thyroid stimulating hormone (TSH) was analyzed by an in-house method
at Anilytics, Inc. (Gaithersburg, MD) employing a double-antibody RIA pro-
cedure using human reagents (Anilytics, Inc. Standard Operating Procedure for
Non-Human Primate Thyroid Stimulating Hormone [TSH]. May 12, 1998).
FT,. TT,. FT. and TT, were determined using Coat-A-Count RIA Kils
(Diagnostic Products Corporation, Los Angeles, CA).

Frozen plasma samples were sent to Haskell Laboratory for CCK analysis.
Plasma samples were extracted over a C-18 Sep Pak column (Supeleo Co.,
Bellefonte, PA) washed with 0.05% trifluoroacetic acid (TFA), and cluted with
$0% acelonitrile/50% TFA. Extracted samples were dried under vacuum and
reconstituted prior to analysis by RIA (Obourn et al.. 1997).

Liver biochemistry. Samples of the right lateral lobe of the livers from
each monkey. scheduled and unscheduled sacrifices, were flash-frozen in
liquid nitrogen at necropsy and analyzed for palinitoy) CoA oxidase aclivity by
the method of Bronfman er al. (1979).

Bile (up lo 5 ml) was collected at sacrifice of each monkey. flash frozen in
liquid nitrogen and analyzed for specific bile acids. Bile sainples were stored
frozen (=70°C) prior to analysis. After thawing, bile acids were extracted from
a 20 ul aliquot of bile using solid phase extraction on Isoelute C18 cartridges.
The extracted samples were reconstituted in HPLC grade methanol, filtered
through 0.45u nylon filter. and subjected to HPLC analysis on a C18 reversed
phase column (25 cm, Apex ODS 5 m) using a 75% (v/v) methanol/ 25% (v/v)
potassium phosphate buffer (10 mM, pH 5.44) mobile phase. Bile acids
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(taurocholic acid. glycocholic acid. taurochenodeoxycholic acid, taurodcoxy-
cholic acid, glycochenodeoxycholic acid, glycodeoxycholic acid, taurolitho-
cholic acid, and glycolithocholic acid) were quantified against authentic stan-
dards by UV detection at 200 nm using Chromelcon software.

Determination of seram and liver PFOA content.  Approximalely 2 ml of
whole blood (for serum) were collected from (he femoral vein of nonfasled
monkeys during Study Week 2 and every two weeks thereatier.

A section of Hver was collected at sacrifice from each monkey, weighed.
Nash frozen in liquid nitrogen. and stored at - 60 to — 80°C until shipped on dry
ice 1o IM lor analysis.

PFOA levels in sera and liver were determined using an ion-pairing extrac-
tion followed by quantitative (andem mass spectrometry: the method is de-
scribed in detail elsewhere (Hansen e al., 2001). Briefly, the serum or liver
sample was thoroughly mixed with a buffered solution of tetra-butyl ammo-
nium hydrogen sulfate. The PFOA jon pair was partitioned into methyl
fert-butyl ether. an exact volume of which was removed from the solution.
concentrated under nitrogen, and reconstituted in methanol. Liver samples
were homogenized in water prior to extraction,

The extracts were analyzed by high performance liquid chromatography
electrospray tandem mass spectrometry in the negative ion multiple response
monitoring mode. A characteristic product ion produced by fragmentation of
the primary ion was monitored quantitatively and evaluated versus an extracted
curve weighted 1/x.

Concurrent with blood collections for PFOA determination. at least 2 ml of
urine was collecled on wet ice and at least 5 g of feces (overnight) were
collected from each monkey. Results of urine and fecal analysis will be
discussed in a future paper.

Anatomic pathelogy. After 26 weeks of treatiment, 4 monkeys in the
control group. the: three surviving monkeys in the 3 mg/kg dose group, 4
monkeys in the 10 mg/kg dose group, and the 5 survaing monkeys in the 30/20
mg/kg dose wroup were [asted overnight. anesthetized with ketamine and
xylazine, weighed. exsanguinated, and necropsied. Similarly, the two monkeys
in the conrrol and 10 me/kg dose recovery groups were sacrificed 13 weeks
following the last dose on Day 182, Necropsies were also performed on the 3
mg/ky and 30/20 my/ke dose-group monkeys that had unscheduled sacrifices
on treatment Days 137 and 79, respectively. The adrenals, brain, epididymis,
kidneys. liver. pancreas, testes. and thyroids with paralhyroids were collected
and weighed. Organ to body weight and organ to brain weight ratios were
calculated,

The following were collected for microscopic evaluation: adrenal; aorta.
brain, cecum, colon. duodenum, epididymis, esophagus. eyes, femur, gall
bladder. heart, ileum, jejunum, kidney, lesions. liver, img, mammary gland.
mesenteric lymph node. pancreas. pituitary, prostate, rectum. salivary gland
(mandibular), sciatic nerve, seminal vesicles, skeletal muscle (thigh), skin.
spinal cord, spleen, sternum with bone marrow, stomach, testes. thyroid,
trachea, and, urinary bladder. Tissues were embedded in paraffin, stained with
hematoxylin and eosin, and examined by light microscopy.

Replicative DNA synthesis.  Representative samples of the left lateral lobe
of the liver. left and right testes and pancreas were collected from each
monkey. After fixation (formalin or zinc formalin), samples were embedded in
paraffin, and sections (--5 pum) were prepared. Previously described methods
were used to slain tissues for PCNA (Eldridge er al., 1993). Briefly. tissue
sections were incubated with a monoclonal antibody to PCNA (Lot # 107
DAKOQ, Carpenteria, CA) and reagents required for the avidin-biotin peroxi-
dase method (MslgG Kit Lot # PK6102 Vector, Burlingame, CA) for the
detection of the antigen-untibody complex. PCNA expression in cells in all
stages of the cell cycle was localized by the chromagen, 3.3’-diaminobenzidine
(DAB Lot # 108H&210, Sigma Chemical Co.. St. Louis. MO). Tissue sections
were counterstained with hematoxylin. Liver cell proliferation was determined
by scoring the percent of cells in S-phase among at least 3000 cells in ten
randomly selected fickds per monkey. For the pancreas. islet and exocrine cells
on an cnlire tissue section were observed and scored subjectively with *37
representing cases in which exocrine cells stained greater than islets and 4"
representing cases in which islets and exocrine cells were heavily stained. Tn
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the case of the testes, the tissue section furthest from the slide label was scored
and the percentage of Leydig cells in’ S-phase was deterinined by scoring at
least 100 cells on each scetion.

Statistics.  Differences [rom control values were determined by one-way
ANOVA, if applicable, and where significant. folowed by Dunnett’s test used
for control versus treated group comparisons. Paired r-tests were used to
compare each treatment mean to its baseline value. One-way analysis of
covariance (ANCOVA) was used to analyze body weights with initial body
weight as he covariate. p-values less than .05 were considered to be statis-
tically signiticant. The highest biological significance was attributed when both
the within-dose group and time-related pair-wise comparisons were both
statistically significant. For interpretive purposes, palmitoyl CoA oxidase
activities less than 2-fold greater than control activities were not considered to
represent an adverse effect and were considered to reflect natural variation.
Only data collected on or alter the first day of treatiment were analyzed
statisticalty, Data collected before the first day of treatment or during recovery
(except for hormone analyses data) were not analyzed statistically.

RESULTS

Animals and Husbandry

One 3 mg/kg/day dose-group monkey was sacrificed on Day
14 due to bacterial septicemia, a condition not believed to be
related to treatment. This monkey was replaced on Day 15. The
replacement monkey began dosing on Day 17.

Clinical Observations

Overall, body-weight changes as a percent of initial prestudy
body weight in the 30/20 mg/kg dose group were significantly
lower than controls over the 27 week period (Fig. 1). During
the first week of dosing. all monkeys in the 30 mg/kg/day dose
group had qualitatively low food consumption and lost from
3.1 to 7.5% of body weight. Four of the 6 monkeys also had
few or no feces. Dosing was suspended on Day 12. On Day 22,
dosing was reinitiated at a lower dose, 20 mg/kg/day. After
commencing the 20 mg/kg/day dosing on Day 22, weight
change as a percent of prestudy weight continued to be signif-
icantly depressed compared to the other groups (Fig. 1). Two
monkeys in this group remained on this regimen for the in-
tended 6-month dosing period. By the end of the dosing period.
these two monkeys showed a mean gain in body weight of 5%
(individually, — 8 and 18%) over their predosing weight, com-
pared to 19, 20, and 20% for the control, 3 mg/kg. and 10
mg/kg groups, respectively (Fig. 1). Dosing of three monkeys
in this group was discontinued on Days 43, 66, or 81, respec-
tively. These three monkeys exhibited low or no food con-
sumption, few or no feces, and dramatic body-weight losses
(18 -23%) prior to being suspended permanently from dosing
(Fig. 2). These threc monkeys regained their lost weight over
the remainder of the study and experienced gains over their
predosing weights of 5. 16, and 29% (Fig. 2). The sixth
monkey in this group was sacrificed in moribund condition on
Day 29. In addition to the signs noted above for the other
monkeys in this group, this monkey had lost 12.5% of body
weight, was notably hypoactive, and cold to the touch.
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FIG. 1.  Group mean body weight for male cynomolgus monkeys through
26 weeks of daily po capsule dosing with ammonium perfluorooctanoate.
Monkeys in the 30/20 ig/kg/day dose group experienced toxicity, including
weight loss, in the first weeks of the study after dosing with 30 mg/kg/day, and
this toxicity continued for 4 of the 6 monkeys in this dose group after reducing
lhe dose to 20 mg/kg/day (see Fig. 2).

Clinical signs. food consumption, and body weights were
normal in all monkeys receiving 3 and 10 mg/kg with the
exception of one anomalous occurrence in a 3 mg/kg monkey.
This low-dose monkcy was sacrificed in moribund condition
on Day 137. In addition to few feces. low food consumption,
and loss of approximately 10% body weight in | week, this
monkey cxhibited hind-limb paralysis, ataxia, and lack of
response to a painful stimulus in the week prior to sacrifice. No
ophthalmic ¢ffects in any of the APFO-treated monkeys were
noted.

Two control and two 10 mg/kg dose-group monkeys were
observed for delayed cffects for 13 weeks after the end of the
26-week dosing period. The 10 mg/kg dose-group recovery
monkeys experienced body-weight changes of 5 and -3% of
Week 27 (end of dosing period) weights as compared to the
control recovery monkeys, who experienced weight gains of 10
and 11% of their Week 27 weights (Fig. 3).

Clinical Pathology

With the exception of individual observations and small but
significant increases in triglycerides noted on Days 31, 63, and
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91 in the 30/20 mg/kg/day dose group, no major findings were
present in the clinical chemistry, hematology, and urinalysis
that could be attributed to treatment. The group mean data for
glucose, cholesterol, triglycerides, alkaline phosphatase, ala-
nine transaminase, and total bilirubin are presented in Table 1.

Administration of APFO at 3 or 10 mg/kg produced no
apparent effects on measured clinical parameters including
hematology, coagulation, clinical chemistry, and urinalysis.
However, the 3 mg/kg/day dose group monkey that was sac-
rificed in moribund condition on Day 137 showed marked
hyperfibrinogenemia, moderate lymphopenia, moderate hy-
poalbuminemia, and mild hypocholesterolemia. It should be
noted that |1 days prior to initiation of treatment (Day -11),
this monkey had a high hematocrit (49.7%) and albumin con-
centration (5.6 g/dl), possibly indicative of mild dehydration,
and it had the lowest neutrophil count (1600/ul) of all mon-
keys.

Findings in the 30/20 mg/kg/day dose group were compli-
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FIG. 2. Individual body weight for male cynomolgus monkeys during

daily po capsule dosing with 30/20 mg/kg/day ammonium perfluorooctanoate.
Monkeys in the 30/20 mg/kg/day dose group experienced toxicity, including
weight loss, in the first weeks of the study after dosing with 30 mg/kg/day.
Dosing was suspended during study week 2 and started again at 20 mg/kg/day
at the beginning of study week 4. One monkey in this group was sacrificed in
moribund condition at the beginning of week 5, and dosing was stopped due to
excessive toxicily, imcluding weight loss, for three other monkeys in the 30/20
mg/kg/day dose group in weeks 7, 10, and 12, respectively. The latter three
monkeys regained body weight after dosing was stopped. Only two monkeys in
the 30/20 mg/kg/day dose group were treated through study week 26.
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F1G. 3. Individual body weight for control and 10 mg/kg/day dose group

male cynomolgus monkeys during 26 weceks of po capsule dosing and 14-

wecks ol postireatment recovery.

cated by the unscheduled sacrifice of one monkey on Day 29
and the cessation of treatment for three others by Day 81. Only
two monkeys remained on treatment during clinical pathology
testing intervals on Days 91 and 182. In this small group, mild
increases in triglycerides and mild to marked decreases in
absolute neutrophil count, total protein concentration, and al-
bumin concentration occurred. The differences in triglycerides
were statistically significant on Days 31 and 182 versus pre-
treatment values. The other differences were not statistically
significant but were consistent over time. Absolute neutrophil
counts and albumin concentrations were mildly decreased prior
to cessation of treatment for the three monkeys for which
dosing was suspended. On Day 63. the 30/20 mg/kg dose-
group monkcey for which daily dosing was stopped on Day 66
had approximatcly 10-fold increases over the means in serum
activities of agpartate aminotransferase (419 TU/1), alanine ami-
notransterase (595 TU/), and creatine kinasce (1122 TU/), as
well as a 5-fold increase in sorbitol dehydrogenase (20 [U/1)
and an increase in serum bile acids. The monkey that was
sacrificed in moribund condition on Day 29 had markedly
elevated serum activities of aspartate aminotransferase (1974
1U/1), alanine aminotransferase (1463 1U/1), sorbitol dehydro-
gcnase (59 1U/1), and creatine kinase (68.850 1U/1) as well as
markedly low cholesterol (14 mg/dl).
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Formone Determinations

Data for thyroid hormones, estradiol, testosterone, and cho-
lecystokinin are presented in Table 2. No effects on estrone,
estriol, or testosterone were noted. Mean group estradiol values
in all groups including the controls tended to be considerably
lower during the treatment period than the corresponding pre-
treatment values. These values appeared to be lower in the
high-dose group monkeys than in the other groups. The estra-
diol values in the recovery monkeys tended to be similar to the
predose values. No significant changes in testosterone values
were seen during the treatment period. In the last recovery
sampling, mean values (9 and 15 ng/ml) tended to be higher
than means during the rest of the study (1-8 ng/ml).

TSH and free and total thyroxine (FT, and TT,) were not
altered in a significant manner during the study. In all groups,
FT, and TT, values taken on predosing Days --18 and -8 (data
not shown) were considerably higher than those obtained on
predosing Day —4 and throughout the remainder of the dosing
period; therefore, the Day -4 values were considered the most
appropriate prestudy values for comparison. With free and total
trilodothyronine (FT, and TT;), mean group values from pre-
dosing Day -4 to the end of the study remained relatively
constant; although, monkeys in the 30/20 mg/kg dose group
exhibited generally lower group mean values. The mean indi-
vidual changes in FT, and TT, over the period that each
monkey was being dosed were decreased compared to controls
in a statistically significant manner in the 30/20 mg/kg/day
dose group. For the three 30/20 mg/kg/day dose-group mon-
keys suspended from dosing, FT, and TT; tended to increase
toward prestudy values after suspension of dosing.

No biologically significant alterations in relation to dose
groups in plasma CCK concentrations were observed.

Liver Biochemistry

Hepatic DNA content and enzymes that are specific markers
for different subcellular fractions were determined in an at-
tempt to explain the increased liver weights observed in these
studies. APFO administration resulted in a small increase in
peroxisomal CN-insensitive palmitoyl CoA oxidation and a
marked increase in mitochondrial succinate dehydrogenase
activity. No biologically significant effects were seen on.acid
phosphatase or glucose-6-phosphatase activities; these are
markers for lysosomes and endoplasmic reticulum respectively
(Table 3). Additionally, there appeared to be a dose-related
decrease in hepatic DNA concentration. There were no signif-
icant differences between control and treated groups with re-
spect to the amount and distribution of bile acids (Table 4).

PFOA Concentration in Serum and Liver

Although considerable variability in measurement occurred,
steady-state values for PFOA in the serum appeared to have
been attained with 4 to 6 weeks of daily dosing. Serum con-

EPA 01201



250

BUTENHOFF ET AL.

TABLE 1
Clinical Chemistries in Male Cynomolgus Monkeys Dosed Orally for 6 Months with Ammonium Perfluorooctanoate

Treatment week (day)

-2 (-11) 5(31) 10 (63) 14 (91) 27 (182)

Glucose (mg/dly

Control 93+ 1S 78 = 28 78 = 21 9= =14

3 mg/kg/day 88 = 12¢ 78*9 68 =7 78 %10 63 = 8"

10 mg/kg/day 922 22 73+9 71 =11 77%9 66 * 20

30/20 mg/kg/day &1 =5 1/8EY 76 =77 85 *+ 19° 81 =28
Cholesterol (mg/dl)

Control 147 £ 44 146 > 19 151 =37 167 = 45% 156 = 35

3 mglkg/day 174 * 54 151 =60 161 = 61 157 = 51 142 = 47

10 mg/kg/day 145 £ 22 142 + 26 158 * 46 1535 + 31 154 * 3]

30720 mg/kg/day 140 £ 26 158 + 21 146 = 12 142 = 9% 150 = 16
Triglycerides (mg/dl)

Control 3911 44 £ 23 43 = 14 40x9 4=*9

3 mgikg/day 5010 5124 59+ 20 56 £ 25 51 * 24

10 mg/kg/day 61 = |8** 76 £ 27* 76 £ 27% 88 = J7Hxx 72+£25

30720 mg/kg/day S7Tx13 108 £ 57%** 67 £ 39 99 + 55 92 & 40**
Alkaline phosphatase (IU/l)

Control 455 + 202 57 & 23X 582 = 193* 529 * 240 444 * 191

3 mg/kg/day 556 1 180 1629 *+ 194 612 = 170* 585 178 574 % 290

10 mg/kg/day 604 = 174 704 £ 165* 668 * 190 656 = 209 544 * 181

30720 mg/kg/day 521 £232 551 * 285 484 * 160 432 = 306 384 = 261
Alanine transaminase (1U/1)

Control 58 £29 49 * 17 62 =24 63 =23 68 = 16

3 mg/kp/day 428 29+6 45 £ 27 47 £ 25 43 + 6

10 mg/kg/day 77 £ 53 55+ 23 53+ 19 33£16 53+ 27

30720 mg/kg/day 67 £ 42 36+ 14 192 * 270 48 = (8 49 = 8
Total biliruben (mg/dl)

Control 0.0 = 0.1 02 *0.1 0.5 +0.2* 02=x02* 03 =0.1*

3 mykgiday 0.1 =02 0.1 £0.1 0.3 £0.1* 0.3 =00 0.2 0.2

10 mg/kg/day 0.2 1 0.2 0201 0.2 % 0.1%* 0.2+ 0.1 03 %02

30220 mg/kg/day 0.2 x0.2 0.1 =0 0302 0.1 x0.1 03x04

Note. Group means = SD. Statistics reflect only those animals receiving treatment when bloed was drawn, including comparisons to prestudy valucs. Control
wroup and 10 ing/kg/day group, n = 6, 3 mg/kg/day group, n = 4, unless otherwise noted; 30/20 mg/kg/day group, n = 6, unless otherwise noted.

“Monkey 5721 was added to study in Week 3 (Day 17) to replace a monkey (5723).

"n = 3. Monkey 5721 was sacrificed in moribund condition in Week 20 (Day 137).

‘n = S. Monkey 5724 was sacrificed in moribund condition in Week 5 (Day 29).

f

“n = 4. Dosing of monkey 5711 was suspended in Week 7 (Day 43).

‘0= 2, Dosing of monkeys 5722 and 5703 was suspended in Weeks 10 (Day 66) and 12 (Day 81). respectively.
*Significantly different from pretreatment values (week 2) by a two-tailed. paired Student’s ~test (p < 0.05)
*xSignificantly different from (ime-related conlrol using Dunnett’s ¢-test (p < 0.05, 2 tailed).

centration of PFOA did not increase in a lincar dose-dependent
manner. Assuming that measurements made at or after Week 6
represent repeat measures at steady state, mean serum concen-
trations = SD (range of values, number of samples) for the 3
mg/kg, 10 mg/kg, and 30/20 mg/kg dose groups were 77 * 39
pe/ml (10--154, 44), 86 * 33 ug/ml (10180, 70), and 158 =
100 wg/ml (20467, 33) pg PFOA/mI, respectively, Two-
thirds (43/64) of the control monkey serums in this time period
had detectable PFOA above the limit of quantitation of 0.014
wg/ml, and these averaged 0.203 = 0.154 ug/ml. The mean
values for the 3 mg/kg and 10 mg/kg dose groups were not
stgnificantly different at the p = 0.05 level. However, the mean
for the 30/20 mg/kg/day dose group was significantly different

from both lower dose groups (p < 0.001). In the recovery
group monkeys (10 mg/kg), serum PFOA concentrations re-
turned to baseline by the end of the 90-day recovery period.
Liver tissue PFOA concentrations measured in the monkeys
are represented in Table 5. As with serum, the PFOA concen-
trations in liver did not increase in linear proportion to dose.
The values at terminal sacrifice just after dosing for the 3
mg/kg and 10 mg/kg dose groups were similar, and ranged
from 6.29 to 21.9 ug PFOA/g tissue. The 30/20 mg/kg/day
dose-group values for the two monkeys sacrificed on Day 183
were 16.0 and 83.3 wg PFOA/g tissue. It is noteworthy that the
highest liver tissue value obtained (154 g PFOA/g tissue) was
from the monkey sacrificed in extremis on Day 29. Liver tissue
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TABLE 2
Hormones in Male Cynomolgus Monkeys Dosed Orally for 6 Months with Ammeonium Perfluorooctanoate

Treatment week (day)

-1(-4) 535 10 (66) 14 (94) 27 (183)

Thyroid stimulating hormone (mU/ml)

Control 0.37 £ 036 023 £0.23 0.23 = 0.34 0.54 + 0.46 0.40 = 0.23

3 mg/kg/day 0.53 + (.58¢ 0.36 = 0.53 0.19 = 0.27 0.60 £ 0.55 0.65 = 0.17"*

10 mg/ky/day | 0.46 = 0.57 0.26 = 0.44 0.56 = 1.07 0.38 £ 0.53 0.87 = 1.09*

3020 mg/kg/day ‘ 0.29 £ 0.28 0.03 + 0.04° 0.22 + 0.25" 0.20 = 0.11° 0.39 = 0.10°
Total thyroxine (pg/dl)

Control 5.13 £0.81 4722095 4.65 = 0.86 4.22 £0.90 3.84 = 0.77

3 mg/kg/day 5.16 + 1.28 4.02 = 0.76 3.52 + 0.53 3.55 £ 0.38 2.58 £ 0.17**

10 mg/ky/day 4.17 £ 0.51 2.95 = 0.46%* 3.04 = 0.46** 293 + 0.42%* 271 £ 0.35%*

30720 mg/kg/day 451 *0.79 3.70 = 0.29 3.27 £ 1.02%* 3.76 = 0.42 2.61 £ 0.25**
Free thyroxine (pe/dl)

Control 1.77 £ 0.29 1.60 % 0.34 148 = 0.26 1.49 + 0.50 1.55 * 0.43

3 mgikg/day 1.72 £ 0.35 1.47 £ 0.16 1.34 = 0.30 1.32 = 0.28 1.04 = 0,04

10 mg'kg'day 1.56 £ 0.18 1.09 £ 0,17%* 1.08 £ 0.20** 1.06 = 0.20 0.96 * 0.13**

3020 mg/kg/day 1.56 £ 0.26 1.23 £ 0.06%* 1.08 = 0.26 1.34 +0.27 0.90 * 0.24%*
Total trilodothyronine (ng/dl)

Control 185 = I8 1717 16 163 = 19 162 + 25 157 %15

3 myikg/day 150 * 26 168 =+ 30 170 = 21* 177 & 28% 134 + 17

10 mg/kg/day 170 £ 23 152 = |5 162 = {0 157 £ 18 135 £23

30/20 mg/kg/day 148 = 16 110 = 39** 90 £ S1¥* 120 = 35 104 = 33%%*
Free wiiodothyronine (ng/dl)

Control 6.39 £ 0.63 549 = 0.70 571 £ 1.14 5.02 £0.73 562 +0.89

3 mg/kg/day 6.06 = 0.63 5.58 * 0.65 6.23 £ 0.59 5.28 + 0.34 4.87 £ 0.12

10 mg/kg/day 6.16 * (.44 5.13 041 531 £0.54 4,98 * 0.89 4.67 £ 0.64

30/20 mg/kg/day 6.00 = 0.88 3.78 = 1,18%% 3.01 = 1.96%* 4.46 £ 0.76 3.39 = | .54%*
Testosterone (ng/ml)

Control 3.76 £ 346 222 +2.63 476 * 3.45 4.63 £ 4.3} 7.49 + 4.62

3 my/kg/day 6.67 £ 6.55 3.03 +2.99 3.68 = 2.26 7.36 = 2.66 7.81 *4.27

10 mg/kg/day 247 242 2.00 +2.02 5.15 +3.92 2.89 * 2.06 7.83 + 3.69*

30/20 mg/kg/day 3.97 £3.21 0.81 £ 049 2,76 = 3.01 1.25 = 0.09 1.74 = 0.44
Estradiol (pg/ml)

Control 249 £ 63 7.6 £70 150 £ 125 13.5 £ 10.] 108 = 17.0

3 mg/kg/day 351 £97 147 127 183115 77178 13.6 £ 11.1

10 mg/kg/day 302+74 112 £74 19.8 = 10.1 6479 7.8 £6.2

3020 mg/kg/day 277 £6.7 4.6 7.1 2.1 +42 0.0 £0.0 . 00=x00
Cholecyslokinin (Fmol/mR)

Control 1.76 £ 0.55 305 = 0.86% 3.07 = 1.52% 1.79 £ 0.59 2.43 = 0.84*

3 mgdkp/day 1.81 % 0.82 3.02 + 1,28* 3.90 - 2.69 138 + 0,73 3.037% 1,42

10 mygfkg/day 1.53 £ 0.62 3.10 = |.18* 274 £ 1.30 1.43 = 0.23* 23] £0.88

30:20 mg/kg/day 1.88 = 1.07 2.558 + 0.39 2,44+ 1.10 1.90 = 0.14 1.80 & 116

Note, Group means = SD. Statistics reflect only those animals receiving treatment when blood was drawn. including comparisons to prestudy values. Control
group. n = 6; 3 mkg/day group. n = 4; unless otherwise noted: 10 my/kg/day and 30/20 mg/kgiday groups. n = 6. unless otherwise noted.
"Monkey 5721 was added to study in Week 3 (Day 17) to replace a monkey (5723).
"n = 3. Monkey 5721 was sacrificed in moribund condition in Week 20 (Day 137).
3. Monkey §724 was sacrificed in moribund condition in Week 5 (Day 29).
“n = 4. Dosing ol monkey 5711 was suspended in Week 7 (Day 43).
2. Dosing of monkeys 5722 and 5703 was suspended in Weeks 10 (Day 66) and 12 (Day 81). respectively.
n = 3. Technical problems were encountered with extraction of sample from Monkey 5706,
n = S. Technical problems were encountered with extraction of sample from Monkey 5710.
*Signiticantly different from pretreatment values (Week -1) by a two-lailed, paired Student’s r-test (p < 0.05).
*#Significantly different [rom time-related control using Dunnett’s t-test (p < 0.05, 2 tailed).

PFOA concentrations from 10 mg/kg dose-group monkeys Day 81 and sacrificed on Day 183 ranged from 0.08 to 1.41 ug
sacrificed at the end of the recovery period or from the three PFOA/g tissue. At the recovery sacrifice of the 10 mg/kg
30/20 dose-group monkeys that were removed from dosing by  monkeys, liver PFOA concentrations had returned to normal
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TABLE 3
Subcellular Marker Enzyme Activities in Male Cynomolgus Monkeys Dosed Orally for 6 Months
with Ammonium Perfluorooctanoate

Group, myke (1) DNA SDH PCO AT GoP
04 .44 ¢ (.28 0.21 * 015 0.53 +0.12 0.78 = 0.10 12,32 2 3.1}
3(3) 1.23 £ 0.89 1.77 £ 1.59 047 = 0.13 0.81 £0.11 6.02 % 0.33*
10 (4) 1.25 £ 0.37 0.535 2 0.14 0.90 = 0.29 0.80 +0.14 10.17 = 0.63
30420 (2) 1.02 + 0.17* 1,37 £ 0.73* 1.36 = 0.34* 0.55 = 0.10 8.83 £ 1.41
Recovery

0(2) 1.69 +0.13 0.48 = 0,43 0.39 = 0.00 0.70 = 0.06 459+ 1.15
10(2) 1.16 £ 0.15 1.55 = 1.83 0.46 = 0.16 0.76 £ 0.10 7.75 £ 1.63

Nore. Group means = SD. DNA content given in mg DNA/g liver. SDH, Mitochondrial marker; succinate dehydrogenase, wmol cytochrome ¢ reduced/min/g
liver. PCO, peroxisomal marker; CN -insensitive palmitoyl CoA oxidation. wmol/min/g liver, AP, lysosomal marker; acid phosphatase, pmol/min/g liver. G6P,

endoplasmic reticulum marker: glucose-6-phosphatase, pmol/min/g liver.
*Significantly different from control (0 mg/kg) group, p > 0.05.

(0.08 and 0.15 ug PFOA/g tissue compared to control range of
less than the limit of quantitation to 0.23. ug PFOA/g tissue).
PFOA was excreted in urine and feces (data not shown).

Anatomic Pathology

Increases occurred in mean absolute liver weights and mean
liver-to-body weight percentages in all dose groups at terminal
sacrifice after 26 weeks of dosing (Table 6). Absolute liver
weight was significantly elevated (p <0 0.01) in all treated
groups relative to control. Relative liver weight increases
showed a positive dose-response trend, and was significantly
higher than controls in the two 30/20 mg/kg/day dose-group
monkeys who were dosed through scheduled termination (p <

TABLE 4
Bile Acids (umol/ml) in Male Cynomolgus Monkeys Dosed
Orally for 6 Months with Ammonium Perfluorooctanoate

Control 3 my/kg/day 10 mgrkgiday  30/20 mw/kg/day

n=4 (n = 4)" n=4 n=2)
TC 81 * 41 59 £ 28 79 + 35 637
GC 37x22 36 £ 19 35+ 16 37230
TCDC 18 %1 13+4 167 23 %]
TDC S51:+23 54 £ 29 289 59+ 24
CDC 45%28 5441 4320 6.7+34
GDC 30 26 42 = 35 11*6 24 3 4
TLiC 2212 22+ 06 1.1 £04 25* 1.2
GLiC L6 = 0.9" 2325 09 =01 1.1 x02
Total 225 £ 67 214 = 31 176 £ 34 253 * 34

Nore, Group means £ $D. TC, tawrocholic acid; GC, glycocholic acid:
TCDC. laurochenodeoxychelic acid: TDC. taurodeoxycholic acid; GCDC.
glyeochenodeosycholic acid: GDC. glycodeoxycholic acid; TLIC. taurolitho-
chalic acid: GLIC. glycolithocholic acid. Treaument values not significantly
different compared to control. using Dunnett’s test (p << 0.05, 2 tailed)

“Includes Monkey 5721 who was sacriliced in moribund condition Weck
20 (Day 137).

N
3
no=2

TABLE 5

Liver Tissue PFOA Concentration (pg/g) in Male Cynomolgus
Monkeys Dosed Orally with Ammonium Perfluorooctanoate

Monkey 1D

PFOA in
liver (pg/g)

Time liver tissue was taken

Control group

5709 0.09 End of dosing. Week 27
5714 <LOQ End of dosing, Week 27
5715 0.23 Lind of dosing, Week 27
5728 < LOQ Iind of dosing. Week 27
3.0 mg/kgiday dose group
5702 15.2 End of dosing. Week 27
5706 18.5 End of dosing, Week 27
5717 1.3 End of dosing, Week 27
5721 18.3 Unscheduled sacrifice, Day 137
10 mg/kgi/day dose group
5707 219 End of dosing. Week 27
5708 6.29 End of dosing, Week 27
5710 8.86 End of dosing, Week 27
5719 18.8 End of dosing, Week 27
30/20 mg/kg/day
5704 16.0 End of dosing. Week 27
5713 833 Cnd of dosing, Week 27
Control recovery monkeys
5718 <LOQ End of recovery, Week 40
5720 <LOQ End of recovery, Week 40
10 mp/kg/day dose group
recovery mounkeys
5712 0.15 End of recovery. Week 40
5716 0.08 End of recovery, Week 40
30720 me/kg/day dose group
monkeys not dosed
through Week 27
5724 154 Unscheduled sacrifice, Week 5
5711 0.22 Week 27, dosing suspended
Week 7
§722 1.41 Week 27, dosing suspended
Week [0
5703 1.31 Weck 27, dosing suspended
Week 12
<LOQ. less than the lower limit of quantitation of 0.019 pg/e

Note.

EPA 01204



CHRONIC ORAL TOXICITY OF APIO IN MONKEYS

253

TABLE 6
Absolute and Relative Liver Weights in Male Cynomolgus Monkeys Dosed Orally for 6 Months with Ammonium Perfluorooctanoate

Absolute

Relative

Dose group (1) Body weight Liver weight

% Control % Body weight %% Control

0 mg'kg (4) 3947 = 591 60.2 £ 6.9
3 mg/kg (3) 4486 = 30 31.8 = 2.8*
10 mg/kg (4) 4447 = 498 83.2 £ 9.7*
30/20 mgrky (2) 13925 = 583 90.4 * 4.2%
Recovery
0 mekg (2) 5410 = 240 90225
10 mg'kg (2) 3932 =619 66.0 = 5.2

100 1.5+ 0.1 100

135 1.8 = 0.1 119
138 19 0.1 122
150 24 +0.5*% 157
100 1.7 £ 0.1 100
73" 1.7 %01 101"

Note. Table includes only the values [ram dosed-group animals that received compound through the end ol the scheduled dosing period. Values are mean *
SD); weights are given in g. Statistical analysis was not performed on recovery liver weights and relative liver weights.

“Compared 0 control recovery monkeys as normalized to 100%.
*Siatistically significant when compared to control (Dunnett's), p < 0.01.

0.01). The two high-dose monkeys that were treated until the
end of the dosing period had absolute and relative liver weights
that were significantly elevaied over the other treatment groups
and control. It is noteworthy that the 3 mg/kg/day dose-group
monkey sacrificed in moribund condition on Day 137 had a
liver-to-body weight percentage of 2.4, which is comparable to
the two 30/20 mg/kg/day monkeys dosed through scheduled
termination.

All macroscopic and microscopic observations were normal
at the terminal sacrifice. This includes key organs such as the
liver, adrenal, spleen, pancreas, and testis.

In the 10 mg/kg/day recovery monkeys, absolute and rela-
tive organ weights were not increased, nor were there any
adverse gross or histopathological findings. This information
indicated recovery from hepatic cffects obscrved in this dose
group at the end of the dosing period.

Two monkeys were found in moribund condition and sac-
rificed at unscheduled times during the dosing period. A 30/20
mg/kg/day monkey was sacrificed on Day 29 and found to have
cdema and inflammation of the csophagus and stomach indic-
ative of dosing injury. This monkey also had liver lesions,
including mid-zonal and centrilobular hepatocellular degener-
ation and necrosis, diffuse hepatocellular vacuolation, and he-
patocyte basophilia in centrilobular areas indicative of liver
regeneration. lnvolution of the thymus, a common stress re-
sponse, and degeneration and necrosis of the heart, probably
agonal changes, were also observed in this monkey.

A 3 mg/kg/day monkey was found in moribund condition
with hind-limb paralysis and ataxia and sacrificed on Day 137.
The hind limbs of this monkey were cool on final medical
examination, and ketamine injected into the thigh muscle failed
to reach the systemic circulation. This could indicate compro-
mised blood supply to the hind limbs and could also be
explained by a neurogenic response without shock, as in an
alpha agonist response. The microscopic and macroscopic
findings did not reveal evidence of gross spinal cord injury or

impaired blood circulation. In addition, the liver of this mon-
key appeared to be normal; however, as noted previously, the
liver-to-body weight percentage was 2.4, comparable to high-
dose monkeys dosed through term.

Replicative DNA Synthesis

Cell proliferation in liver, pancreas or testes as measured by
proliferating cell nuclear antigen (PCNA) was not different
between control and treated groups (Table 7).

DISCUSSION

This experiment was designed to look at the toxicologic
effects of APFO in a nonhuman primate model, the cynomol-
gus monkey, which appears to resemble humans more closely
than the rodent in response to peroxisome proliferating com-
pounds. The cffects of APFO treatment noted previously in the
rat that arc thought to be related to the occurrence of hepato-
cellular, pancreatic acinar cell, and Leydig cell tumors in rats
were not observed in the cynomolgus monkeys in this study.
Specifically, there was no increase in peroxisome proliferation
as measured by palmitoyl CoA oxidase activity. Estradiol was
not increased and testosterone was not decreased. No evidence
of cholestasis, as evidenced by changes in bile acids, bilirubin,
and alkaline phosphatase were observed, and CCK levels did
not differ among control and treated groups. The results of this
study demonstrated that the liver appears to be the primary
target organ in the cynomolgus monkey. Hepatomegaly in the
absence of notable histologic findings was present in all dose
groups. Decreases in food consumption and body weight were
prominent findings in the high-dose group, consistent. with
effects seen in rats. The exact mechanism of the toxicity of
APFO observed in the monkey remains recondite and is the
subject of further investigation.

Dose-level selection for this study was based on the results
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TABLE 7
Cell Proliferation as Measured by PCNA in Male Cynomolgus
Monkeys Dosed Orally with Ammonium Perfluorooctanoate

Pancreas

Monkey 1D Liver (%) (labeling index) Testes (%)

Control
5709 0.025 3 229
5714 0.075 3 11.0
5715 0.000 3 14.9
5725 0.074 4 27.0
S718¢ 0.025 3 41.5
3720 0.000 3 234
3 mg/kg/day
5702 0.000 4 10.6
5706 0.170 3 21.8
5717 0.099 3 22.8
5721" 0.000 NP 13.0
10 mg/kgiday
5707 0.075 3 15.5
3708 0.050 3 17.1
5710 0.024 3 17.9
37167 0.000 4 10.9
7127 0.073 3 18.8
5719 0.025 3 35.2
30:20 mg/ky/day
5703 0.075 3 20.2
5704 0.100 3 10.8
57117 0.126 4 21.7
3713 0.075 4 15.8
5722 0.149 3 14,3
5724/ ND 3 16.4

Note. Liver, only dark nuclear stained hepatocytes scored as S-phase at
200%. Pancreas. scored subjectively with 4 = islets and exocrine heavily
stained (> 50% labeled) and 3 = exocrine stained > islets (100X and 400X).
Testes. scction farthest from slide label, Leydig cells at 400X, NP, tissue not
present on slide. ND. not determined due to too much nonspecific staining.

“Recovery animal.

"Sacrificed in moribund condition during Week 20.

“Dosing suspended Week 12.

“Dosing suspended Week 7.

“Dosing suspended Week 10.

"Sacrificed in moribund condition Day 29.

of a 28-day dose range-finding po capsule study in the cyno-
molgus monkey. In the dose range-finding study, moukeys
werce administered the test compound at concentrations of 2
and 20 mg/kg for 28 days. The results of this study revealed no
changes in any toxicological or biochemical parameter includ-
ing organ and body weight measurements. As this was only a
28-day study and-thc serum half-life of climination of APFO in
the monkey was expected to be greater than 1 month, dose
levels of 3, 10, and 30 mg/kg were selected for the 6-month
study.

Toxicity occurred early in the study at 30 mg/kg/day, re-
quiring suspension of dosing between Days 12 and 22. After
reestablishing dosing on Day 22 at 20 mg/kg, three monkeys
again displayed signs similar to those that appeared after dos-

BUTENHOFT ET AL.

ing at 30 mg/kg. As a result, the quantitative interpretation of
responses at the high dose in this study becomes complicated.
Two monkeys did tolerate 30/20 mg/kg for the 6-month dosing
period. Tn contrast, 10 mg/kg was not associated with untoward
effects in any of the 6 monkeys treated. Therefore, a sharp
delineation between effect and no effect for these symptoms
occurs between 10 and 20/30 mg/kg/day.

The moribund condition of one 30/20 mg/kg/day dose-group
monkey that led to an unscheduled sacrifice reflects the rela-
tively high toxicity observed in the first few weeks of dosing at
30 mg/kg in all high dose monkeys. Symptoms seen in this
monkey (aphagia, lethargy, dehydration, and severe loss of
body weight) were consistent with those seen in other high-
dose monkeys that were experiencing distress after dosing at
30 mg/kg. Therefore, it is likely that the moribund condition of
this monkey 1nay have been related to APFO treatment: how-
ever, the specific cause remains unclear. Although the esoph-
ageal and gastric lesions, the degeneration and necrosis of heart
tissue. and the dehydration experienced by this monkey are
complicating factors, the contribution of APFO to this mon-
key's moribund condition cannot be dismissed. Findings in the
liver and the concomitant clevations of serum alanine amino-
transferase, aspartate aminotransferase, and sorbitol dehydro-
genase were likely due to APFO exposure.

One could speculate that the extreme elevation in creatinine
phosphokinase and the extreme decrease in serum cholesterol
along with the nccrosis of heart muscle raise the possibility that
this monkey may have suffered from rhabdomyolysis and
lactic acidosis as a result of reductions in ubiquinone. These
findings are consistent with what has been reported for certain
HMG CoA reductase inhibitors (statins), especially when
given in combination with fibrates (De Pinieux ef al., 1996;
Omar et al., 2001). Furthermore, one could speculate that the
mitochondrial proliferation observed in this study may have
been a result of downregulation of HMG CoA reductase by
PFOA (Haughom and Spydevold, 1992) leading to a concom-
itant reduction in ubiquinone leading to decreased oxidative
phosphorylation and increascd mitochondrial biosynthesis
(Berthiaume and Wallace, 2002; Fosslien, 2001). Statins have
been shown to decrease ubiquinone and increase the lactate/
pyruvate ratio (De Pinieux ez al., 1996; Flint ef al., 1997).

The in extremis condition of the low-dose monkey that was
sacrificed on Day 137 is puzzling. This monkey had signs of
mild dechydration before initiation of dosing. Normally, this
would not be considered a potential confounder; however, one
week prior to the unscheduled sacrifice, this monkey exhibited
some signs that were scen in the high-dose monkey that was
sacrificed early (aphagia, lethargy, dehydration, and severe loss
of body weight). In addition, this low-dose monkey had signs
of ataxia. restricted hind-limb movement, and an apparent
absence of reaction to painful stimuli. No evidence of dosing or
cage injury was found. The blood supply to the hind limbs
appeared to be severcly compromised, although pathological
examination did not reveal evidence of spinal cord injury or
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impaired circulation. This may suggest a neurogenic response
without shock such as alpha agonism. A complete review of
the in-life monkey history including review of the clinical and
microscopic pathology by a team of pathologists also failed to
explain the cause of this monkey's extreme poor health. These
findings were nonspecific and, with the cxception of low albu-
min concentration, decreased or no food consumption, and
body weight loss, were not consistent with the findings ob-
served for monkeys in the high-dose group that were with-
drawn from treatment. It is notablé that the liver-to-body
weight percentage for this monkey was 2.4, representing a
significant increase in liver weight comparable to high-dose
monkey values.

Although statistically significant only at the highest dose,
there was an indication of increased relative liver weight at all
treatment levels. This finding appears to be the most sensitive
dosc-related effect of APFO observed in this study (Table 6).
The increase in liver weights seen following the administration
of APFO to cynomolgus monkeys was, at least in part, due to
hepatocellular hypertrophy (as demonstrated by decreased he-
patic DNA content) which in turn may be explained by mito-
chondrial proliferation (as demonstrated by increased succinate
dehydrogenase activity).

This finding of increased liver weight differs from the find-
ings of a 90-day po gavage study in male and female rhesus
mounkeys (Griffith and Long, 1980). The rhesus study was
conducted with APFO in male and female rhesus monkeys at
doses of cither 0, 3, 10, 30, or 100 mg/kg/day in 0.5% Metho-
cel. Mortality occurred at doses of 30 and 100 mg/kg. Although
an apparent NOAEL of 3 mg/kg was obtained, clinical signs of
emesis complicated dosage delivery. A clear determination of
a target-organ effect was not obtained in the rhesus study.

A number of special endpoints were sclected for inclusion in
the study to assist in the determination of potential mechanisms
of action. These endpoints were selécted primarily because of
a suggested link between endpoints observed in long-term
rodent bioassays with APFO in which hepatocellular, pancre-
atic acinar cell. and testicular Leydig cell tumors occurred
(Biegel er al., 2001; Pastoor et al., 1987, Riker Pharmaceuti-
cals, 1987).

Changes associated with the potential production of liver
tumors in the rat were absent in the cynomolgus monkey. The
approximately 2-fold increase in hepatic palmitoyl CoA oxi-
dase activity (a marker for peroxisome proliferation) at the
30/20 mg/kg/day dose (Table 3), is consistent with previous
reports for species that are not particularily responsive to
peroxisome proliferating compounds (Ashby er al, 1994;
Bentley ef al., 1993; Cattley et al., 1998). Replicative DNA
synthesis, as an indication of cell proliferation, in selected
organs (liver, pancreas, and testes) was found to be unaltered in
monkeys treated with APFO (Table 7).

Similarly. changes that have been suggested to be associated
with the production of pancreatic acinar cell tumors from
exposure (0 peroxisome proliferators in rats include increased
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serum cholecystokinin concentrations and indications of cho-
lestasis, including alkaline phosphatase, bilirubin, and bile
acids (Obourn et al., 1997). These changes did not occur in the
cynomolgus monkeys in this study.

In the rat, APFO has been shown to cause sustained in-
creases in estradiol resulting from aromatasc induction that
Have been related to the occurrence of Leydig cell tumors.
Among APFO-treated monkeys in this study, no significant
changes in levels of the circulating sex hormones, estrone,
estradiol, estriol, or testosterone were observed that could be
related to treatment.

The data were analyzed both by intergroup comparisons and
monkey-by-monkey using each monkey’s pretreatment values
as the baseline. As expected, a wide range of values was seen
both within a particular monkey and among the group of
monkeys. which made evaluation of this information very
difficult. When looking at the data for trends, with estradiol as
an example, values during the treatment period tended to be
lower than those seen in the pretreatment and recovery periods
regardless of group assignment. Since some of the lower values
fell in the 30/20 mg/kg group, it is tempting to consider this as
treatment-related, but an objective viewing of this information
finds too little cause/effect to attribute the apparent changes to
treatment._ The failure to see any histopathologic correlation,
while not directly bearing on the issue, tends to support the
lack of an APFO-rclated finding.

The results of this study corroborate the relative lack of
response of the cynomolgus monkey to the effects of peroxi-
some proliferating compounds as observed in rats on liver,
pancreas, and testes (Cattley e al., 1998; Kurata ef al., 1998;
Pugh ef al., 2000). Assuming that the cynomolgus monkey
response to the effects of APFO is more representative of the
human than of the rat, the effects observed in rats may have
questionable relevance to humans.

There were no clear changes in thyroid hormone homeosta-
sis. All thyroid hormone values were within normal range, and
there did not appear to be any relevant histological changes or
changes in T, or TSH. However, the three high-dose monkeys
that were removed from dosing on Days 44, 66, and 8! had T,
values that trended down compared to pretreatment measure-
ments, and T, appeared to trend back toward prestudy values
after cessation of dosing. Therefore, the significance of trends
in T, in these three high-dose monkeys is unclear, Our con-
clusion is that these apparent changes are best explained by
normal variation or stress and are not a direct effect of APFO
on thyroid hormone homeostasis.

Although there were only two 10 mg/kg recovery monkeys,
there were no test compound-related effects on terminal body
weights or on absolute or relative organ weights, indicating
that the liver weight increase seen at termination of the dosing
period appeared to be reversible. All other macroscopic, mi-
croscopic. and clinical observations were normal,

Serum and liver PFOA concentrations did not appear (o
increase in linear proportion to dose. possibly due to reaching
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saturation and steady state in the first several weeks of the
dosing period. The reason for the rather high degree of vari-
ability in measured serum PFOA concentrations is not com-
pletely understood. This variability may be due, in part, to the
capsule method of dosing. Also, since PFOA is believed to be
eliminated in the bile (Johnson et al., 1984) and reabsorbed, the
timing of dosing, blood sample collection, and gall bladder
emptying may have played a role. Another factor that must be
taken into consideration is the precision of the method, which
was * 30% (interassay, intra-assay, and system), When taken
as repeat measures from Week 6 on, the serum concentrations
at the two lower dose levels were not statistically different. At
the high dose, the concentrations were higher than those at the
two lower doses. Similarly, liver PFOA concentrations for
monkeys sacrificed at the end of dosing were similar in the 3
and 10 mg/kg dosc groups (means of 15.9 and 14.4 ug/g liver,
respectively). For the two monkeys in the high-dose group that
remained on treatment until sacrifice. the liver concentrations
were 16.6 and 86.9 ug/g. The lack of linear proportionality to
dose of scrum concentrations observed in this study was also
observed in an earlier 90-day rhesus monkey study (Griffith
and Long, 1980). In that study, the male serum concentrations
(n = 1 per dose group) were reported to be 49, 46, and 145
ppm at doses of 3, 10, and 30 mg/kg/day, respectively. In the
same rhesus study, liver concentrations were reported to be 3,
9, and 60 ppm at dose levels of 3, 10, and 30 mg/kg/day,
respectively. The clearance of PFOA observed in this study
suggests that clearance is more rapid than that suggested for
retired workers (Ubel er al., 1980). Additional work is in
progress to better understand the toxicokinetics of PFOA in
human and nonhuman primates.

The doses that were administered in the study were consid-
crably higher than those that are expected from occupational
exposure. The American Conference of Governmental Indus-
trial Hygienists (ACGIH) has established a Threshold Limit
Value® (TLV#) of 0.01 mg/m’ as a time-weighted average
exposure for workers (ACGIH. 1999). A 3 mg/kg daily dose
from inhalation exposure would require an air concentration of
21 mg/m*, a value considerably above the TLV¥.

The authors acknowledge that the small numbers of mon-
keys used in the study. their heterogenicity. attrition of mon-
keys due to toxicity and nontreatment-related causes, the need
to reduce the high dose early in the study, and the absence of
a clear no-effect level may limit the ability to draw conclusions
on some points. However. the study was successful in provid-
ing insight into the possible mechanism of liver response in the
monkey and defining the external and internal dose parameters
associated with carly toxic response. The study also clearly
demonstrates the dramatic demarcation in dose response be-
tween a relatively mild response (liver weight increase at the 3
and 10 mg/kg/day dosage) and serious toxicity (dramatic
weight loss and one death at the 30/20 mg/kg/day dosage).

In summary, the dose-response characteristics of APFO in
the cynomolgus monkey appear to be quite steep. A dose of 10

BUTENHOFF ET AL,

mg/kg was well-tolerated over a 6-month dosing period with
only a minimal effect (liver weight increase); however, 1 week
of dosing at 30 mg/kg produced toxicity, and lowering this
dose to 20 mg/kg was only tolerated by two of the 6 high-dose
monkeys for the 6-month dosing period. A no observable effect
level (NOEL) was not determined in this study. The low dose
of 3 mg/kg/day is considered a lowest observable effect level
(LOEL), based on the suggestion that liver weight may have
been increased at 3 mg/kg/day and the uncertainty as to the role
of APFO in the moribund condition of a 3 mg/kg dose-group
monkey. Effects that have been associated with the develop-
ment of pancreatic and testicular toxicity in rats were not
observed in this study.
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Perfluorooctanesulfonate and
Related Fluorinated Hydrocarbons in
Marine Mammals, Fishes, and Birds
from Coasts of the Baltic and the
Mediterranean Seas
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Poland, and Martin Luther Universistéit Halle-Wittenberg,
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D-06099. Halle, Germany

Perfluorooctanesulfonate (PFOS; CgF175037), perfluo-
rooctanesuifonamide (FOSA; CgF17S0;NH,), perfluorohexane-
sulfonate (PFHXS; CgF135057), and perfluorooctanoate
(PFOA; C7F15C0O,7) were detected in 175 samples of liver
and blood of bluefin tuna ( Thunnus thynnus), swordfish (Xiphias
gladius), common cormorants {Phalacrocorax carbo),
bottlenose dolphins (Tursiops truncatus), striped dolphins
(Stenella coeruleoalba), common dolphins (Delphinus delphi),
fin whales (Balenoptera physalus), and long-finned pilot
whales (Globicephala melas) from the Italian coast of the
Mediterranean Sea and in livers of ringed seals (Phoca
hispida), gray seals (Halichoerus grypus), white-tailed sea
eagles (Haliaeetus albicilla), and Atantic salmon (Salmo
salar) from coastal areas of the Baitic Sea. PFOS was detected
in all of the wildlife species analyzed. Concentrations of
PFOS in blood decreased in order of bottlenose dolphins >
biuefintuna > swordfish. Mean PFOS concentrations (61 ng/
g, wet wt) in cormorant livers collected from Sardinia
Isiand in the Mediterranean Sea were less than the
concentrations of PFOA (35 ng/g, wet wt). PFOS concentrations
in cormorant livers were significantly correlated with
those of PFOA. FOSA was found in 14 of 19 livers or blood
samples of marine mammals from the Mediterranean

Sea. The highest concentration of 878 ng FOSA/g, wet wt,
was found in the liver of a common dolphin. Livers of
ringed and gray seals from the Bothnian Bay in the Baltic
Sea contained PFOS concentrations ranging from 130 to
1100 ng/g, wet wt. No relationships between PFOS
concentrations and ages of ringed or gray seals were
observed. Concentrations of PFOS in livers of seals were
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5.5-fold greater than those in corresponding blood. A
significant positive correlation existed between the PFOS
concentrations in liver and blood, which indicates that blood
can be used for nonlethal monitoring of PFOS. Trend
analysis of PFOS concentrations in livers of white-tailed
sea eagles collected from eastern Germany and Poland since
1979 indicated an increase in concentrations during the
1990s. Livers of Atlantic salmons did not contain quantifiable
concentrations of any of the fluorochemicals monitored.
PFOS is a widespread contaminant in wildlife from the Baltic
and the Mediterranean Seas, while FOSA and PFOA

were detected only in certain locations indicating their
sporadic spatial distribution.

Introduction

Perfluorinated sulfonates have been commercially produced
by an electrochemical fluorination process for over 40 years
(). A major fluorochemical produced by this process is
perfluorooctane sulfonylfluoride (POSF: CyF1-SO2F). Using
this fluorinated compound as a building block, further
reactions produce several other fluorinated compounds,
including perfluorooctanesulfonate (PFOS) (J. 2). These
compounds repel water and oil, reduce surface tension,
catalyze oligomerization and polymerization, and maintain
their properties under extreme conditions. Depending upon
the specific functional derivatization or the degree of
polymerization, POSF-based compounds may degrade or
metabolize to PFOS (2, 3). PFOS is stable, chemically inert,
and nonreactive and has the potential to bioaccumulate (4—
6). PFOS has been identified in serum samples from both
occupationally and nonoccupationally exposed human popu-
lations and in various species of wildlife (2, 6—11). and PFQOS,
FOSA, PFHxS, and PFOA have been detected in human blood
(7). However. studies describing the occurrence of FOSA,
PFHxS, and PFOA in wildlife are scarce (6. 11, 12).

The mechanisms and pathways leading to the presence
of perfluorinated compounds in wildlife and humans are
not well characterized. but it is likely that there are multiple
sources of the compound. To understand the spatial dis-
tribution of perfluorinated compounds, exposure concentra-
tions were measured in a range of species with different
natural histories from various parts of the world. In this study,
concentrations of PFOS, FOSA. PFHxS. and PFOA were
measured in marine mammals including bottlenose dolphins
(Tursiops truncatus), striped dolphins (Stenella coeruleoalba),
common dolphins (Delphinus delphi), fin whales (Bale-
noptera physalus). long-finned pilot whales (Globicephala
melas) and fishes such as northern bluefin tuna (Thunnus
thynnus), swordfish (Xiphias gladius), and in common
cormorants (Phalacrocorax carbo) collected from Italian coast
of the Mediterranean Sea. Furthermore, livers of ringed seals
(Phoca hispida), gray seals (Halichoerus grypus), and Atlantic
Salmon (Salmo salar) were collected from the Bothnian Bay
in the northern part of the Baltic Sea. Similarly, concentrations
of target compounds were measured in livers of white-tailed
sea eagles (Haliaeetus albicilla) collected from inland and
coastal regions of eastern Germany and Poland since 1979
until 1999. This provided to an opportunity to evaluate
temporal trends in concentrations of fluorochemicals during
20 years. The objectives of this study were to determine the
current concentrations of target fluorochemicals in biota from
the Mediterranean and the Baltic Seas and to determine their
accumulation features.

10.1021/es020519g CCC: $22.00 @ 2002 American Chemical Society
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FIGURE 1. Map showing sampling locations (shaded, patterned
areas in Germany are eagle sampling sites).

Materials and Methods

Samples. One hundred and seventy five samples of liver and
blood of cetaceans (dolphins and whales), fishes. and birds
were analyzed in this study. Blood samples of bottlenose
dolphins were collected by bleeding (10 mL) captive animals
born in delphinariums. In the delphinarium. these dolphins
were fed mackerel and herring caught in the Mediterranean
Sea and capelin from the North Sea. Livers of common.
bottlenose and striped dolphins were collected during mass
mortality events along the ltalian coastin 1991 (Figure 1). All
the dolphins were found stranded, dead along the Adriatic
and Thyrrenian Seas. The livers of striped and bottlenose
dolphins were freeze-dried prior to analysis. Tissues of long-
finned pilot whale and fin whales were taken from animals
stranded in the Thyrrhenian Sea. Liver and blood samples
of sexually mature (fork length > 110 cm) bluefin tuna were
collected in Palizzi, southern coast of Italy. Liver and blood
were taken from mature swordfish, which were caught by
harpooning in the lonian — Thyrrenian Seas. Livers of
cormarant (Phalacrocorax carbo) were collected from the
birds that were originally sacrificed in 1997 by the Department
of Sanitation-Division of Rearing and Zootechnical Resources
due to sanitary regulations. Age class and sex of cormorants
were recorded when available. Livers of ringed (Phoca
hispida) and gray seals (Malichoerus grypus) and Atlantic
Salmon (Salma salan) collected from the Bothnian Bay in the
Baltic Sea were obtained from Finnish Game and Fisheries
Research Institute. Salmon were taken from the Rivers
Simojoki and Kymijoki in Finland during spawning. All were
female salmon, which migrate to the Bothnian Sea, the
southern Gulf of Bothnia or the Gulf of Finland. The salmon
fast up to 4 manths before spawning. Livers of white-tailed
sea cagles (Haliaeetus albicilla) collected since 1979 until
1999 from castern Germany and Polish coastal areas of the
Baltic Sea were analyzed. Liver samples were wrapped in
aluminum foil cleaned with solvents or whirlpac bags and
stored frozen at —20 “C unti) analysis. Sampling locations of
fishes. marine mammals, and birds are shown in Figure 1.

Analysis. Concentrations of PFOS, FOSA, PFOA, and
PFHxS in liver and blood were measured using high
performance liquid chromatography (HPLC) with electro-
spray tandem mass spectrometry (7). Details of preparation
of tissues, reagents, and standards have been described earlier
(7). Analyte separation was performed using a Hewlett-
Packard HP1100 liquid chromatograph modified with low
dead-volume internal tubing. Ten microliters of extract was
injected ontoa50 x 2mm (5 gm) Keystone Betasil Cyg column
with a 2 mM ammonium acetate/methanol mobile phase

starting at 10% methanol at a flow rate of 300 #L/minute. to
100% methano! at 11.5 min before reverting to original
conditions at 13 min. For quantitative determination, the
HPLC systern was interfaced to a Micromass (Beverly. MA)
Quattro II atmospheric pressure ionization tandem mass
spectrometer operated in the electrospray negative mode.
Instrumental parameters were optimized to transmit the
[M—K]~ ion for all analytes before fragmentation to 1 or more
product ions. When possible, multiple daughter ions were
monitored, but quantitation was based on a single product
ion. In all cases, the capillary was held between 1.6 and 3.2
kV.

Recoveries of PFOS and other fluorochemicals spiked at
the 250 ng level onto sample matrices and carried through
the analytical procedure varied (Table 1; Supporting Infor-
mation). The standards (5 uL of 50 ppm stock) were spiked
into liver or blood prior to homogenization. While the
recoveries of PFOS spiked to tuna, swordfish, and dolphin
livers were 66—140%, the recoveries of PFOS spiked to tuna
blood were low (37—47%). The reason for low recoveries of
PFOS spiked to tuna blood is not known. Concentrations of
PFOS were not corrected for the recoveries of surrogate
standard. Similarly, recoveries of FOSA, PFHxS, and PFOA
vatied depending on the sample matrix. For instance,
recoveries of FOSA and PFOA in seal livers were 70 + 50%
and PFHxS was 50%. Recoveries of FOSA, PFHxS. and PFOA
in salmon livers were less than 40%, and thercfore the data
for salmon liver should be considered qualitative. Recoveries
of PFQS and PFOA in sea eagle livers were 90 + 30%, whereas
those of FOSA and PFHxS were 54 and 71%. respectively.
Based on the duplicate analysis of matrix spike samples,
accuracy of the analytical results under the best conditions
were +30% of the reported values. For the estimation of the
LOQ. the tissue samples were compared to an unextracted
standard calibration curve. For instance, if 5 ng/mL standard
is the lowest acceptable standard, and sample had been
diluted by a factar of 7. the LOQ is reported as 35 ng/mL.
LOQs for fluorochemicals varied from 1 to 72 ng/g, wet wt,
depending on the matrix.

Resuits and Discussion

Mediterranean Sea. Of the four fluorochemicals monitored,
PFOS was the most predominant fluorochemical in the tissues
analyzed (Tables 2 and 3). PFOS was found in blood of captive
bottlenose dolphins at concentrations ranging from 42 to
210 ng/mL (Table 2). The greatest PFOS concentration found
in the liver of a common dolphin was 940 ng/g, wet wt (Table
3). Muscle tissue from the same individual contained a PFOS
concentration that was 12-fold less than that in liver. Four
of five livers of bottlenose dolphins collected from the Adriatic
and Thyrrenian Seas contained quantifiable concentrations
of PFOS. The mean (+SD) concentration of PFOS in livers
of bottlenose dolphins was 54 + 35 ng/g, wet wt (Table 3).
The mean (£SD) concentration of PFQOS in livers of striped
dolphins was 26 + 9 ng/g. wet wt. Concentrations of PFOS
in livers of bottlenose and striped dolphins were less than
those found in cetaceans from the coastal waters of Florida
(8). Nevertheless. the concentration of PFOS measured in
common dolphin liver was similar to those reported for
dolphins from the Florida coast. Concentrations of PFOS in
muscle and liver of long-finned pilot whales were 52 and 270
ng/g. wet wt, respectively.

Of the other fluorochemicals measured. FOSA was a
prominent compound found in livers of dolphins and whales.
Concentrations of FOSA in blood of bottlenose dolphins were
1-5-fold greater than those of PFOS (Table 2). Livers of most
of the cetaceans (except striped dolphin) contained quantifi-
able concentrations of FOSA (Table 3). The greatest con-
centration of 878 ng FOSA/g, wet wt, was found in the liver
of a common dolphin. Concentrations of FOSA in bottlenose
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FIGURE 2. Relationship between PFOS and PFOA concentrations
in cormorant livers from Cabras Lagoon, Sardinia, Italy.

dolphins. common dolphins, and long-finned pilot whales
were similar to those of PFOS (Table 3). The greatest
concentration of FOSA found in the liver of a common
dolphin was greater than those found in mink from lilinois
(11). Occurrence of FOSA in marine mammals from the
Mediterranean region indicates the presence of specific
sources. PFOA and PFHxS were found in blood of a few
individuals of bottlenose dolphins at concentrations ranging
from <2.5 to 6.1 ng/mL. PFOA was not found in livers of
cetaceans at the quantitation limit of 38—72 ng/g, wet wt.
PFHxS was detected in a striped dolphin and swordfish liver
at concentrations of 6.8 and 10 ng/g, wet wt, respectively.
While PFOS is a metabolic product of several sulfonated
perfluorochemicals such as n-methyl perfluorooctane-
sulfonamidoethanol [CgF ;7S0,N(CH3)CH,CH,OH] (13), FOSA,
PFOA, and PFHxS are intermediates in the production of
several perfluorinated compounds. FOSA and PFOA are also
products used in various applications. FOSA is also a
metabolic product of n-ethyl perfluorooctanesulfonamide,
which is used as an insecticide (Sulfluramid) to control
cockroaches, termites, and ants (14). PFOA is an impurity in
various formulations of perfluorochemicals including aque-
ous film fire-fighting foams (5).

Concentrations of PFOS in cormorant livers collected from
Cabras Lagoon in Sardinia ranged from 32 to 150 ng/g, wet
wt (mean; 61 ng/g) (Table 3). Mean PFOS concentrations in
juvenile birds were not significantly different from those in
adults {(p < 0.05). This is similar for bald eagles collected
from the midwestern U.S. (9). In general, PFOS concentrations
in cormorants were similar to or less than those found in
cormorants and other fish-eating water birds collected from
the North American Great Lakes (9).

PFOA was consistently found in all the livers of cormorants
at concentrations ranging from 29 to 450 ng/g, wet wt. Mean
concentration of PFOA (95 ng/g, wet wt) in cormorant livers
was. on average, 1.7-fold greater than the PFOS concentra-
tions (61 ng/g, wet wt). A juvenile, female cormorant
contained the greatest PFOA concentration of 450 ng/g, wet
wt, which appeared to qualify as an outlier as this concen-
tration was 4.5 times greater than the standard deviation of
the mean. When this outlier value is eliminated, there was
a significant correlation between PFOS and PFOA concen-
trations in cormorant livers (Figure 2). These results indicate
that the sources of PFOS and PFOA may be similar for
cormorants from Cabras Lagoon in Sardinia. FOSA was found
in one of the 12 cormorant livers at a concentration of 89
ng/g, wet wt.

Concentrations of PFOS in blood of bluefin tuna and
swordfish ranged from 27 to 52 (mean: 40) and 4 to 21 ng/
mL {mean: 10), respectively (Table 2). Similarly, livers of 12
of 13 tuna and swordfish contained quantifiable concentra-
tions of PFOS. The average concentration of PFOS in livers
of bluefin tuna (21-87 ng/g; mean: 47) was greater than
that determined in swordfish (<1-13 ng/g; mean: 7) (Table
3). The ratios of concentrations of PFQOS in liver to blood of
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TABLE 3. Concentrations of Perfluorinated Organic Compounds in Livers (ng/g, Wet Wt) of Cormorants, Marine Mammals, and

Fishes from the Italian Coast of the Mediterranean Sea

speciesftissue location; date PFOS FOSA PFOA PFHxS sample details’
cormorant liver Cabras Lagoon (Sardinian Sea); 1997 43 <38 41 <7 M, adult, 2.4 kg
57 <38 100 <7 F,adult, 2.2kg
49 <38 51 <7 F,adult, 2.3kg
98 <38 90 <7 F,adult, 2.33 kg
34 <38 30 <7 F,adult, 2.7kg
150 <38 140 <7 F,adult, 2.2kg
91 89 84 <7 F,juvenile, 2kg
47 <38 450 <7 F,juvenile, 1.4 kg
50 <38 47 <7  F,juvenile, 1.96 kg
43 <38 45 <7 M, juvenile, 2kg
32 <38 30 <7 M, juvenile, 2.4 kg
34 <38 29 <7 M, juvenile, 2.4 kg
bottlenose dalphin liver? Marina di Grosseto (North Thyrrenian Sea); 1991 45 55 <36 <7
Livorno (North Thyrrenian Sea); 1991 75 90 <72 <7 240cm
Croatia (North Adriatic Sea); 1992 425 325 <72 <7 M, 288cm
Lecce (South Adriatic Sea); 1991 108 325 <72 =7 M,235cm
Lido di Camaiore (North Thyrrenian Sea); 1991 <1.4 30 <72 <7 279cm
) Mar Tirreno; NA 110 139 <38 <19 NA
striped dolphin liver? Lecce (South Adriatic Sea); Aug 1991 40 <38 <72 <7 M, 201cm
Viareggio (North Thyrrenian Sea); 1991 22,3 <38 =72 <7 F,200cm
Lecce (South Adriatic Sea); Aug 1991 23.5 <38 <72 =1 F
Lecce (South Adriatic Sea); Aug 1991 16.3 <38 =72 6.8 F,201cm
common dolphin muscle Giglio Island, North Thyrrenian Sea; Feb 1998 77 142 <38 <19 F,203cm
common dolphin liver Giglio Island, North Thyrrenian Sea; Feb 1998 940 878 <38 <19 F,203cm
fin whale muscle Livorno, coast of Tuscany; Feb 1998 <19 <19 <38 <19 M, 13.8m, 13.7 tons
long-finned pilot whale muscle Elba Island, North Thyrrenian Sea; Sep 1996 52 48 <38 <19 160 cm, pup, suckling
long-finned pilot whale liver Eiba Island, North Thyrrenian Sea; Sep 1996 270 50 <38 <19 160 cm, pup, suckling
swordfish liver Stretto Messina (lonian-Thyrrenian Sea); Jul 1999 3 <38 <36 10 150cm, 44 kg
5 <38 <36 <7 156cm, 45kg
8 <38 <36 <7 140cm, 53kg
<1 <38 <36 <7 161cm, 61kg
13 <38 <36 =<7 F, 70kg
tuna liver Reggio Calabria (tonian Sea); Oct-Nov 1999 35 <38 <36 <7 M, 250cm,
43 <38 <72 <7 156cm
Palizzi; Oct-Nov 1999 87 <38 <36 <7 M, 147 cm, 54 kg
57 <38 <72 <7 M, 157cm, 61kg
49 <38 <36 <7 WM, 158 cm, 51 kg
21 <38 <36 <7 139cm
56 <38 <36 <7 M,14%9cm, 46kg
25 <38 <72 <7 152cm, 56kg

# Values were converted from dry weight basis to wet wt assuming a moisture content of 75%. ® M = male; F = female. Length of fish and dolphin

represents fork length.

TABLE 4. Concentrations of Fluorochemicals in Gray and Ringed Seals and Atlantic Salmon Livers (nglg, Wet Wt)

species sex n age (yrs)
gray seal male 12 10
(2-25)
female 15 12.6
(2-33)
ringed seal male 10 11.5
(1-21)
female 15 11.5
(4-25)
Atlantic salmon female 22 Adult

2 Mean of two detectable observations,

PFOS FOSA PFOA PFHxS
243 422 <19 <75
(148-360) (<19-47)

190 <38 <19 <15
(140—290)
490 <38 342 <38
(130-1100) (<19-39)
430 <38 <19 <38
(170--1000)

<8 <19 <19 <15

bluefin tuna and swordfish were 0.85 and 1.4, respectively.
These ratios are 7—12-fold less than those calculated for polar
bears from Alaska (8). Although the PFOS concentrations in
bottlenose dolphins blood were 4—14-fold greater than those
in bluefin tuna and swordfish, blood-to-liver ratios of PFOS
were less in dolphins than in fishes. This suggests that the
distribution of PFOS between liver and blood in fishes is
different than in mammals. FOSA was found in all the 13
blood samples of fishes. Concentrations of FOSA (mean: 15
ng/mL) in the blood of bluefin tuna were 2—4-fold less than
those of PFOS (40 ng/mL), which was different from that
observed in bottlenose dolphins. Mean concentrations of
FOSA in swordfish blood was 1.5-fold greater than that of

PFQS. Despite the occurrence of FOSA in blood of swordfish
and tuna, it was not found in the livers at the quantitation
limit of 38 ng/g, wet wt. PFHxS was detected in one of the
five livers of swordfish at a concentration of 10 ng/g, wet wt.
PFOA was not found at the quantitation limit in any of fish
tissue samples.

Baltic Sea. Concentrations of PFOS in livers of gray seals
ranged from 140 to 360 ng/g, wet wt (Table 4). Concentrations
of PFOS in ringed seals were significantly preater (p < 0.01)
than those in gray seals. Concentrations of PFOS of up to
1100 ng/g, wet wt, were found in ringed seals from the
Bothnian Bay. The greatest concentration was found in a
7-year old male ringed seal, while the second greatest
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FIGURE 3. Relationship between PFOS concentrations and age in
gray (A) and ringed (B) seal livers.

concentration was found in a 6-year old female ringed seal.
There was no significant difference in the concentration of
PFOS between sexes of ringed seals (p > 0.05). However,
PFOS concentrations in male gray seals were significantly
greater than those in females (p < 0.05). Earlier studies have
reported the lack of significant differences in PFOS concen-
trations between gender (8). The observed differences in the
accumulation of PFOS between genders of ringed and gray
seals could be due to specific reproductive parameters.
Female ringed seals are reproductively mature at about 6
years of age. whereas female gray scals start to reproduce
from ages 3 to 5. Earlier parturition may be a reason for
losser PFOS concentrations in female gray seals than inringed
seals. However, several other biological parameters associated
with samples such as age may limit the interpretation.
Concentrations of PFOS did not increase with age in either
ringed or gray seals (Figure 3). This is similar to results
observed for mink and marine mammals [rom the U.S.A. (8.
1 1). In an earlier study, we reported PFOS concentrations in
blood of ringed and gray seals (8. The ratios of PFOS
concentrations in ringed and gray seal liver and blood were
2.7 and 5.5, respectively. These values were greater than those
found in bluefin tuna and swordfish analyzed in this study.
suggesting preferential enrichment of PFOS in livers of
mammals than in fishes, There was a significant correlation
between PFOS concentrations in livers and blood of both
ringed and gray seals (p < 0.05) (Figure 4). This indicates that
blood can be used as a matrix for nonlethal monitoring of
PFOS exposures in marine mammals.

FOSA and PFOA were found only in 2 of the 52 samples
of seals analyzed. PFHxS was not detected in any of the
samples. This was different from that observed in marine
mammals from the Mediterranean Sea, where FOSA was
relatively prominent in marine mammals. PFHxS was not
found in any of the seal livers analyzed.

Livers of 22 Atlantic salmon collected from the northern
Baltic Sea were analyzed for target fluorochemicals (Table
4). and none of the salmon livers contained the fuoro-
chemicals at the quantification limit of between 8 and 19
ng/g. wet wi. All Adantic salmaon were adult females and
were collected during spawning. The salmon fast for 4 months
prior to spawning and the lack of quantifiable concentrations
of fluorochemicals in salmon could be attributed to their
long fasting periods.

White-tailed sea eagles collected from eastern Germany
and Poland contained quantifiable concentrations of PFOS
(Table 5), ranging from <3.9 to 127 ng/g, wet wt. These
concentrations were severalfold less than those found in bald
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FIGURE 5. Concentrations (mean =+ SD) of PFOS in livers of white-
tailed sea eagles coliected from 1979 to 1998. Sample collected in
1995 was removed from this graph.

eagles from the United States (9). Concentrations of PFOS
varied widely within the sampling years. However, com-
parison of concentrations in livers of sea eagles from the
1970s and 1980s (25 ng/g. wet wt) with those from the 1980s
(410 ng/g, wetwt) indicated an increase in the 1990s compared
to those in the 1970s or 1980s (Figure 5). For instance, mean
concentration of PFOS in eagles collected in 1979, 1990, 1992,
1993, 1996, and 1999 were 22, 28,42, 52, 52, and 45 ng/g, wet
wt, respectively. There was a statistically significant increase
in the concentration of PFOS in sea eagle livers with time (p
< 0.05). Sulfonyl-based fluorinated hydrocarbons have been
manufactured since the 1950s (13). PFOS concentrations in
sea eagle livers may be influenced by several factors related
to the matrix and accumulation features of fluorinated
organics. Livers of birds analyzed in this study were from
different ages and sexes. However, no significant correlation
existed between PFOS concentrations and age or sex of birds
(9). Unlike neutral organic pollutants such as PCBs, PFOS
covalently binds to proteins in liver and blood plasma (15,
16). Therefore. accumulation of PFOS in higher trophic
predators is controlled by a dynamic equilibrium between
uptake and elimination or is related protein turnover. On
the other hand, neutral lipophilic contaminants such as PCBs
tend to accumulate in fatty tissues over a period of time,
which results in an age-related increase of concentrations.
Therefore, abiotic matrices such as dated sediment or Jower
trophic organisms may be better indicators for temporal trend
analysis of PFOS. FOSA. PFHxS. and PFOA were not detected
in livers of white-tailed sea eagles at the quantitation limits
ol 38, 7, and 40 ng/g, wet wt, respectively. This is different
from that observed in the Mediterranean Sea, in which PFOA
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TABLE 5. Concentrations of PFOS in Livers of White-Tailed Sea Eagles (ng/g, Wet Wt) from Eastern Germany and Poland®

sample sex date wt (g) location® PFOS remarks
79/6 F 1979 5700 National Park Muritz 3.9 adult
79/8 F 12/6/1979 4200 Stegelitz 1.3 subaduit
79/5 F 1714179 6640 Waldlewitz 49.5 immature
87/18 M 4/11/1987 4374 Dassow 40.5  juvenile
M 87/21 F 29/3/87 4325 Dabelow 25.8 adult
89/1 F 24/2/89 6060 Kustrinchen 21 adult
89/6 NA 25/5/89 1445 Rodenskrug <3.9  juvenile-8dold
MV 90/9 F 4/12/1990 3445 Schlicht 35.1 juvenile
9074 F 12/4/1990 5640 Kotzow 43.2 adult
90/7 ™M 15/8/90 2970 Melzower Forst 3.9 adult, emaciated
190/3 M 28/3/90 4425 Babke <3.9 adult
MV91/4 F 1/3/1991 5800 National Park Muritz 8 immature
MV 91/8 M 6/4/1991 4105 Bergfeld 25.6 adult, emaciated
MV 91/10 F 6/5/1991 5517 Julchendorf 20.8 adult
MV 91112 F 25/6/91 4830 Bossow 30.1 Jjuvenile-70d old
S$92/1 F 2/1/1992 4230 Kamenz 38 immature 2yrs
MV 92/21 M 4/11/1992 4315 Axelshof 12.4 immature
MV 92/2 M 5{1/1992 NA Lahnvitz 23.8 juvenile
MV92/3 F 6/2/1992 3805 Lewitz, Bahlenhusch 127 decomposed, emaciated, juvenile
MV 92/9 M 28/04/92 4280 Near Torgelow 11.9 adult, 6 yrs
BB 92/20 F 28/10/92 5255 Mitmersdorf 36.8 adult
BB 93/19 F .1/10/1993 4750 Wilmersdorf 39.8 juvenile
SA 9317 F 4/9/1993 5420 Stackelitz 23.3 immature
S93/7 F 8/4/1993 5710 Konigswartha 108 subadult
MV 93/2 F 15/2/93 4505 National Park Muritz 37.5 adult, moderate decomposition
MV 94/11 F 10/4/1994 3620 Dobbin/Glave 28.1 adult, emaciated
BB 94/18 M 12/5/1994 3595 Kuhzer lake n. Ruhhof 32.8 adult, emaciated, decomposed
BB 94/2 F 15/1/94 4300 Thomsdorf 105 aduit
BB 94/4 M 17/2194 5116 Angermunde-Tantow 16.6 adult
MV 94/19 M 17/5/94 4225 near Karow 58.5 adult
94/6 ‘F 25/2194 3460 lake at Sproitz 11.5 emaciated, juvenile
BB 94/9 M 26/3/94 4500 Chorin 33.8 immature, moderate decomposition
MV 95/5 F 21/2/95 6500 Kolpinsee/Usedom 120 5yrs
S96/7 F 3400 Niederspree 65 immature, emaciated
S 97/22 M 28/8/97 3800 Ebersbach-Rodern 99.6 adult
S 98/18 F 28/7/98 4920 klein Krauscha 421 immature, moderate decomposition
No3, 28/02/00 W 1996 Western Poland 31.8 immature, emaciated
No4, 2001 F 1996 Western Poland 63.4 adult, liver disease
No5, 3/06/00 M 1996 Poland 44.4 immature, emaciated
No7, 2000 M 1997 Poland 10.7 adult, emaciated
No1, 11/02/00 F 1998 Poland 29.7 adult
No2, 20/01/00 F 1998 Wolsztyn, Poland 33.5 adult, healthy
No6, 2000 F Oct 2000 Krucza, Poland 62 young
No8, UNK NA 1999 Poland 24.4 adult

2 FOSA. PFHxS, and PFOA were not found in any of the sea eagle livers at the quantitation limits of 38, 7. and 40 ngl/g, wet wt, respectively.
5 All the locations are in eastern Germany except those indicated as Poland, which are collected from the Baltic coast of Poland.

was relatively prominentin cormorants. This indicates region-
specific distribution of these fluorochemicals in biota.

The results of this study suggest widespreacd occurrence
of PFOS in fishes, birds. and marine mammals from the
Mediterranean and the Baltic Scas. Concentrations of FOSA
in blood ol bottlenose dolphins and swordfish from the
Mediterranean Sea were greater than those of PFOS. Despite
the occurrence of FOSA in blood tissues of fishes, it was not
detected in livers. Similarly concentrations of PFOA were
greater than those of PFOS in cormorant livers from the
Mediterranean Sea. FOSA, PFOA, and PFHxS were found less
frequently in seals from the Baltic Sea. Concentrations of
PFOS in livers of white-tailed sea eagles collected from eastern
Germany and Poldnd from 1979 to 1999 did not exhibit
clear temporal trends. In general, FOSA and PFOA are
distributed sporadically in certain species and locations.
PFHxS was not found in blood and liver of most of the samples
analyzed.
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